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VERTEBRATE-BEARING CONTINENTAL TRIASSIC STRATA IN 


MENDOZA REGION, ARGENTINA 


By ALFRED SHERWOOD ROMER 


ABSTRACT 


} 


Rusconi and others have described numerous fishes and amphibians from conti- 


nental Triassic sediments in the Mendoza region of Argentina, but their stratigraphic 
position has been poorly understood because of conflicting stratigraphic terminology 
and incomplete published data on the region. 


All vertebrate remains appear to be 


derived from a sedimentary cycle termed the Cacheuta series by a majority of work- 


ers. The age appears to be Middle Triassic. 
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' Triassic age have been recognized in the precor- 
dilleran region of Mendoza in the western Argen- 
tine, but, except for a few fish scales described 
by Geinitz in 1876, vertebrate fossils were long 
unknown. In recent years, however, a large 

{number of fishes, amphibians, and (to a minor 
extent) reptiles have been found in the Triassic 

fof the area. Cabrera (1944a; 1944b) has de- 

i scribed a fish and an amphibian, Bordas (1944) 

ja fish, and Minoprio (1954) a therapsid. A 

large number of forms, collected with the 

ico-operation of Prof. Manuel Tellechea, has 
been described by the energetic director of the 
Mendoza Natural History Museum, Prof. 
Carlos Rusconi, in a long series of papers 


stratigraphic correlation. But because of un- 
familiarity with the complex topographic situa- 
tion of the exposures and the considerable 
variation in the stratigraphic terminology 
employed, foreign workers have found it dif- 
ficult to gain a clear picture of the geologic 
position of the faunas concerned. 

During 1958, as a member of a collecting 
expedition sponsored jointly by the Museum 
of Comparative Zoology! and the Museo 
Argentino de Ciencias Naturales of Buenos 
Aires, I spent 6 weeks studying the Triassic 

1 The expedition was supported in part by grants 
from Life magazine and the National Science Foun- 
dation. 
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deposits of the area. As well as taking part in 
the collection of new materials, I visited, under 
the guidance of Doctors Tellechea and Mino- 
prio, most of the localities from which the 
earlier collections had been made. Some account 
of certain of the vertebrate localities has been 
given by Professor Rusconi and other authors 
in papers noted later. Doctor Minoprio has 
most recently (1958) discussed the strati- 
graphic position of the brachyopid amphibians 
of the region and has supplied valuable geologic 
data. The present paper supplements and 
summarizes, for those unfamiliar with the 
area, the geological data given by earlier workers 
and by Doctor Minoprio. 

In listing the vertebrates found at the 
various localities I have in no case suggested 
any taxonomic revision of the fauna and have 
used the nomenclature under which the various 
forms were originally described. 

I wish to express the gratitude which I, and 
the other members of our party, feel for the 
aid extended to us by so many inhabitants of 
the charming and friendly city of Mendoza 
during our work in this area. Prof. Carlos 
Rusconi, in cordial fashion, made freely avail- 
able for study the many valuable fossils in 
his museum’s collections. Prof. Manuel Tel- 
lechea, who is most familiar with the sediments 
of the area, accompanied us on various occasions 
and, with characteristic enthusiasm, guided 
us to areas of Triassic exposures and collection 
localities. Geologists of the Comisién de Energia 
Atémica and the Yacimientos Petrolfferos 
Fiscales, notably Dr. Héctor Martinez Cal for 
the Mendoza region, were most helpful in 
supplying geological data. Dr. H. J. Harring- 
ton, who has worked extensively in the Men- 
doza region, furnished helpful criticism while 
this paper was in preparation. We are especially 
grateful to Dr. José Luis Minoprio for his 
constant support and aid in our work and to 
him and Sefiora Minoprio for the cordial 
hospitality extended to all the members of the 
party. 


‘TOPOGRAPHY 


Mendoza and the adjacent municipalities 
of Las Heras and Godoy Cruz lie at the western 
margin of the vast plain which extends west, 
gradually rising, about 600 miles from the 
pampas of the La Plata River region to the 
foothills of the Andes. Mendoza is about 
700m above sea level. Except where (as in the 
Mendoza region) rivers descending from the 
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cordillera irrigate the potentially fertile soil, the 
western portion of this plain is an arid desert, 
unsettled except for goatherders in scattere 
“puestos” at infrequent springs. The plain ip 
in great measure covered by alluvial deposits 
older sediments underlie them but are me. 
east of the precordilleran region only around 
a few outlying hill and mountain areas (Fig, 1), 

About 25 km west of Mendoza lies an ex. 
tended precordilleran development with eleva, 
tions reaching more than 3000 m. (Cf. Stappen, 
beck 1910, p. 3-14; 1911, p. 276-284.) Thi 
begins in the Cacheuta region, about 35 km 
southwest of Mendoza, and extends northward, 
beyond the area of present concern, into Say 
Juan and La Rioja provinces. The southern 
terminus is Cerro Cacheuta, separated from 
the main mass of the precordillera by a gorge, 
through which run the Rio Mendoza, the 
transandean railway, and a highway from 
Lujén to Potrerillos. The main transandeay 
highway, however, ascends to the summit of 
the precordillera west of Villavicencio, about 
50 km north of Mendoza, returns to the valley 
of the Rio Mendoza near Uspallata, and thence 
begins the ascent of the cordillera proper! 
Various names are applied to portions of the 
precordillera. The major summit ridge in 
Mendoza province is frequently termed th¢ 
Sierra de Uspallata; to the north, in San Juan 
province, the principal continuation of thé 
precordillera is the Sierra de Tontal. Neat 
Mendoza a spur of the precordillera extends 
eastward from a point north of Estancia San 
Isidro to terminate north of Challao, a short 
distance northwest of Mendoza. From 4 
point much farther north, another spur, th 
Sierra de Las Pefias and its prolongment, th 
Cerro de las Higueras, extends southeastward 
(broken by a canyon for the Rfo de Las Pefias) 
to subside into the plain in the region o 
Salagasta, about 35 km north of Mendoza 
West of Mendoza an alluvial fan about 13 
km broad slants upward about 700 m to thé 
more precipitous slopes of the mountains, 
This fan conceals most of the much faulted 
Tertiary and older deposits present here. Tq 
the south, adjancent to the Rfo Mendoza, 
the precordillera is broken by numerous arroyo 
draining into that river. On its western slope; 
in the region adjacent to the transandea 
highway—the bleak upland Paramillos a 
Uspallata—the contours are more gentle. | 

The main ridge of the cordillera (her¢ 
including Aconcagua, highest mountain of th 
Western Hemisphere) runs roughly parallek 
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to the precordillera. Toward the south the 
two are not clearly separated, although the 
gorge of the Rio Mendoza between Uspallata 
and Potrerillos may be taken as the dividing 
line. Farther north, however, a north-south 
trough, which has an elevation of 2100-2300 
m, lies between the two ranges. This includes, 
at the south, the Valle de Uspallata and the 
Pampa de Yalguaraz and, farther north in 
San Juan province, the Llanos del Leoncito 
and the lower course of the Rio de los Patos 
which flows north to join the Rio San Juan. 


STRATIGRAPHY 
Continental Sedimentary Cycles 


Marine Paleozoic sediments, ranging from 
Cambrian to Pennsylvanian, are present in the 
precordilleran regions, and marine deposits are 
also found in the Jurassic and Cretaceous 
of the Andean region. The Permian and early 
Mesozoic, however, are represented (apart 
from volcanic rocks) exclusively by continental 
deposits. These are numerous and widespread 
in Mendoza, San Juan, and La Rioja provinces, 
but their interpretation has been rendered 
difficult by their lateral variation and by the 
complex folding and faulting which, as might 
be expected, they have undergone in this 
pre-Andean region. Many workers—notably 
Bodenbender, Keidel, and Frenguelli—have 
demonstrated that they include two cycles 
of deposition. The older cycle is primarily 
Permian but probably includes both late 
Carboniferous and early Triassic elements as 
well. These beds, termed the Paganzo series? 
by Bodenbender (1911, p. 47), have been of 
especial interest because of their general 
correspondence (including the presence of 
glacial tillites) to the Dwyka-Ecca-Beaufort 
beds of South Africa and other continental 
“Gondwana” sediments of the southern con- 
tinents and India. Data concerning them are 
summarized by Du Toit (1927) and Keidel 
(1938). 

We are here concerned with the second cycle 
of sedimentation. Early workers assigned some 
elements of this cycle to the Carboniferous, 
Permian, and Cretaceous, but it is now generally 
agreed that they are exclusively Triassic in 
age: they have been rather arbitrarily termed 
“Rhaetic” by various authors. Our knowledge 
of this Triassic cycle in the Argentine as a 


2Du Toit used the term “Paganzo” to include 


both cycles; this is contrary to general usage. 
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whole is excellently summarized by Groeber 
and Stipanicic (1952). In some areas the 
“Rhaetic” cycle is clearly separable from the 
underlying “‘Paganzo” series by intervening 
andesites (the series Choiyoilitense of Groeber) 
and is initiated by a prominent conglomerate. 
In other localities, however, the andesites 
or conglomerate or both may be absent, and 
considerable confusion of the two cycles may 
exist. In the Mendoza region this is particularly 
true in the Paramillos de Uspallata. 

In Mendoza province the Triassic series is 
present to a considerable extent in the uplands 
of the precordillera itself, but certa‘n important 
areas lie around the eastern and southern 
flanks of the precordillera, where the beds are 
present in a much folded and faulted fashion. 
In great measure the Triassic beds are, even 
here, covered by later deposits and are only 
exposed in specific areas noted in subsequent 
sections. They are known to be present, under 
Tertiary sediments, far to the south (¢f. 
Triimpy, 1943; Baldwin, 1944, Fig. 2) and 
presumably to the east as well. 

Many scientists have observed and described 
the Triassic beds of the Mendoza region. 
Following early observations by Darwin (1846, 
p. 196-207), who mentions particularly the 
fossil trees of the Paramillos region (cf. Rusconi, 
1938; 1941, p. 83-84), and by Burmeister 
(1858; 1861; 1876), Stelzner in 1872 studied 
the area seen on a traverse over the pre- 
cordillera (Stelzner, 1885). Later workers in- 
clude Zuber (1890); Avé-Lallemant (1890; 
1891; 1892); Bodenbender (1893; 1896; 1897, 
p. 451-456, 483-486, plate) ; Stappenbeck (1910; 
1911; 1917); Windhausen (1916); Du Toit 
(1927, p. 47-50); Triimpy and Lhez (1937); 
Fossa-Mancini (1937); Keidel (1939); Groeber 
(1939, p. 176-177, map); Harrington (1941); 
Frenguelli (1948, p. 221-246); Garcia (1951). 
Important unpublished works include the 
studies of Windhausen (1941, unpublished 
thesis, Univ. Nacional La Plata) in the Para- 
millos area, and of Borrello (1944, unpublished 
thesis, Univ. Nacional La Plata) in the Potreril- 
los-Cacheuta region (neither of which I have 
seen) and that of Chiotti (1946, unpublished 
thesis, Univ. Nacional Cérdoba) concerning 
the area near Mendoza (which I have read 
with interest). Rusconi included geological 
data in his various papers (particularly 1957). 
Groeber and Stipanicic (1952, p. 29-60) give 
a summary of current knowledge. Minoprio’s 
valuable paper (1958) gives sections of the se- 
ries in a number of collecting areas. 
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FicurE 1.—TopoGrapuic SKETCH MAP OF THE PRECORDILLERA IN THE MENDOZA REGION, TO SHOW THE / 
PosiTION OF LOCALITIES MENTIONED IN THE TEXT 
Mountains named indicated by triangles. A, Agua; C, Cerro; EA, Estancia; Q, Quebrada; R, Rio 
Insert: Sketch map of west-central Argentina and central Chile, lat. 30°-34° S., long. 63°-73°W., to 


show area described 


A stratigraphic terminology based on that 
of Triimpy and Lhez (1937), Triimpy (1943), 
and Borrello (1944, Unpublished thesis, Univ. 
Nacional La Plata) was accepted, with some 
modification, by Frenguelli (1948, p. 237-241). 
This terminology was followed by Groeber 
and Stipanicic (1952, p. 31) and has been used 
in general by the majority of geologists, such 
those of the Yacimientos Petroliferos 
Fiscales, working in this region. Rusconi later 


as 


named a number of formations and horizons 


(summarized in Rusconi, 1955a, p. 67, 75-76; | 


1957, p. 53-55). Since the Borrello-Frenguelli 
nomenclature has priority, I have here used it 
as a basis for treatment—without prejudice 
to the merits of Rusconi’s terminology, which 
I have attempted to equate with it in Table 1. 

As summarized by Groeber and Stipanicic, 
the beds concerned are grouped as the Cacheuta 
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FIGURE 2.—SEDIMENTARY TRIASSIC 


EXPOSURES IN THE 


AREA SHOWN IN FiIGurRE 1 


Stippled portions, Las Cabras formation; ruled lines, combined Potrerillos, Cacheuta, and Rio Blanco 


formations 
series, subdivided as follows, in descending 
order: 

4, Estratos de Rio Blanco 

3. Estratos de Cacheuta 

2. Estratos de Potrerillos 

1. Estratos de las Cabras. 

In most of the areas studied, the four forma- 
tions can be clearly distinguished by the nature 
of the sediments. Unconformity or interruption 
of deposition is not indicated at any point in 
the cycle, and despite the considerable thickness 
of the series, its deposition may have been 


very rapid, probably taking place over a 
relatively small portion of Triassic time. 


Estratos de las Cabras 


The sedimentary cycle, where completely 
shown, begins with a thick red conglomerate— 
the “fanglomerado” of Frenguelli. Above this 
basal conglomerate lies a series of beds which 
may reach 600 m in thickness, in which con- 
glomerates decrease in importance and the 
major components are shales and sandstones, 
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red in many places. These beds, which may be 
considered as a unit, have sometimes been 
regarded as part of the “Paganzo” series or 
have been termed Estratos de Carrizal. The 


T. ABLE 1. —Straricrat APHIC EQUIVALENCIES 


= 

Borrello- 

Frenguelli 
terminology 


Rusconi terminology 


Rio Blanco 


Cacheuta Horizonte Bayense of Formacién 
Bayoana (part) 
Horizonte Limense of Formacién 
Challeana 
?Horizonte Zorrense of Formacién 
Challeana 
Potrerillos Horizonte Leonense ieansiss: ) of 


Formacién Challeana 
Horizonte Bodeguense of Forma- 
cién Challeana 


?Horizonte Bayense of Formacién 
Bayoana (part) 


Las Cabras 





term here used (Borrello, 1944, unpublished 
thesis, Univ. Nacional La Plata; 1954; Fren- 
guelli, 1944) derives from the Cerro de las 
Cabras, southwest of Potrerillos, where these 
beds are well exposed. Extensive areas of las 
Cabras beds lie within the bounds of the pre- 
cordillera, as well as around its margins. To 
the south, they are absent in the Cerro de 
Cacheuta; the Potrerillos formation rests 
directly on the porphyrites. 

The situation in the Paramillos uplands is 
still confused. Some of the conglomerates 
and shale beds of this type may pertain either 
to the las Cabras or to the earlier, late Paleozoic, 
cycle of sediments. 

Plant remains are known from the las Cabras. 
Vertebrates, however, are rare. Rusconi has 
not in general been concerned with the las 
Cabras beds. The Higueras beds are currently 
included by him in his Horizonte Bayense and 
Formacién Bayoana, assigned to the Upper 
Permian. 


Estratos de Potrerillos 


The Estratos de Potrerillos take their name 
from the village of Potrerillos, on the Rio 
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Mendoza west of the Cacheuta region. Over. 
lying the las Cabras beds without notable 
break, they reach a thickness of 700 m in} 
some places but are incompletely represented| 
in the Mina Atala and Cerro Cacheuta ex- 
posures and are thin to absent in well sections 
farther south (Baldwin, 1944). Those I have 
seen consist in the main of hard shales and 
fine-grained sandstones, generally light in color, 
Conglomerates and bentonites are present to a} 
minor extent. Considerable areas of exposures of| 
these beds are present southwest of Potrerillos, 
on the south slopes of Cerro Cacheuta, on the 
margins of the precordillera due west of 
Mendoza, in the Challao region, on the uplands 
of the Paramillos de Uspallata, and near 
Salagasta. Plant remains are numerous. Fish | 
are abundant in certain levels in the Challao! 
region, and some of the fish remains described 
from the Paramillos de Uspallata may be 
from these beds. (See below.) 

Rusconi includes the Potrerillos beds of the| 
Challao region in Horizontes Leonense (later 
Pumense) and Bodeguense of his Formacién) 
Challeana; he regards the former zone as! 
Middle Triassic, the latter as Upper Triassic. 


Estratos de Cacheuta 


The most distinctive development of the} 
Estratos de Cacheuta formation occurs in an} 
area a few kilometers west of Mendoza, ex-| 
tending from Mina Atala south toward Estancia | 
Papagallos. Here the Cacheuta, conformable} 
with both the underlying Potrerillos beds 
and the overlying Rio Blanco, is only 40 m 
thick. The lower half—the “‘black Cacheuta”— 
consists of dark bituminous shales; in the 
shales of the upper half, dark components are} 
rarer, and the color is toward a red—the “red 
Cacheuta” (Minoprio, 1958, p. 303-304). Ex- 
posures farther west, between Cerro Bayo and 
San Isidro, are similar. The black Cacheuta 
in these two areas contains numerous fos- 
siliferous concretions; the smaller ones may 
contain coprolites, and the larger ones may 
contain remains of amphibians and _ large 
fishes. 
concretions are present, but fossils are much 
less abundant. 

The name derives from Cerro de Cacheuta, 
and extensive exposures of these beds are 
found at the foot of the southern slopes of this | 
mountain. The exposures of the “black Ca- 
cheuta”’ 
near Mendoza and, like them, include fossil- 
bearing nodules. In the Potrerillos region, the 


In the “red” part of the formation } 


here are very similar to those seen} 


Cache 
runs V 
then 
Cabra: 
thicke 
less wi 
part 0: 
is inc 
Cache’ 
the P 
it is n 
clearly 
tions | 
Limite 
and C] 
Nun 
the C 
verteb 
were ¢ 
Cachet 
by ow 
The “1 
the sé 
bitumi 
Mina . 
to the 
of 40 | 
conten 
trace « 
with a 
The 
and th 
and P¢ 
Limen 
(1949b 
1957, | 
Triassi 
the di 
regard 
Horizo 
Upper 
p. 67, 
bearin; 
Cachet 
Rusco! 
cién ¢ 
1956, | 
by hin 


The 
as the 
1944; 
Nacio1 
241). . 


Over. 
»table 
m in? 
ented | 
a ex 
ctions 
have 
s and 
color. 
t toa\ 
res of | 
rillos, 
yn. the 
st of 
lands 
near 
Fish | 
hallao | 
ribed 
Ly be 


f the! 
(later 

acién) 
1e as! 
asic. | 


f the} 
in an} 
1, eX- 
ancia 
nable}{ 
beds 
40 m 
ta’’- 
1 the 
ts are} 
“red 
. Ex-/| 
o and 
heuta 
; fos- 
may 
may 
large 
ation } 
much 


ieuta, 
5 are 
f this | 
< Ca- 

seen } 
fossil- 
1, the 


STRATIGRAPHY 


Cacheuta is well exposed in a valley which 
runs west just south of Potrerillos village and 
then turns southward, east of Cerro de las 
Cabras. In this region the formation is much 
thicker, as much as 210 m. Its boundaries are 
less well marked here, however, and the upper 
part of the Potrerillos of other regions probably 
is included here below the typical “black 
Cacheuta.” The Cacheuta is also present in 
the Paramillos de Uspallata area, but here 
it is not so characteristically developed nor so 
clearly distinguished from the adjacent forma- 
tions as it is near Mendoza and Cacheuta. 
Limited exposures are present near Salagasta 
and Challao. 

Numerous plants have been described from 
the Cacheuta beds. Most of the tetrapod 
vertebrate materials described from the series 
were derived from concretions of the “black” 
Cacheuta, and most of the material collected 
by our expedition also comes from this zone. 
The “black” Cacheuta is developed in exactly 
the same fashion, with characteristic dark 
bituminous shales and included nodules, from 
Mina Atala and Cerro Bayo, west of Mendoza, 
to the south side of Cerro Cacheuta, a distance 
of 40 km. The nature of its sediments and its 
content of amphibians and fishes, with little 
trace of reptiles, suggests that we are dealing 
with a single lagoon of great extent. 

The “black” Cacheuta of the Cerro Bayo 
and the Cacheuta of the Mina Atala, Cacheuta, 
and Potrerillos areas are termed the Horizonte 
Limense of the Formacién Challeana by Rusconi 
(1949b, p. 229; 1955a, p. 67, 76; 1956, p. 67; 
1957, p. 54-55) and considered to be of Lower 
Triassic age; the “red”? Cacheuta (as noted in 
the discussion of the Cerro Bayo region) is 
regarded by him as distinct and earlier—the 
Horizonte Bayense of the Formacién Bayoana, 
Upper Permian (Rusconi 1949b, p. 228; 1955a, 
p. 67, 76; 1956, p. 60; 1957, p. 55). The fish- 
bearing beds of the Paramillos (whether 
Cacheuta or upper Potrerillos) are termed by 
Rusconi the Horizonte Zorrense of the Forma- 
cién Challeana (Rusconi 1955a, p. 67, 75; 
1956, p. 67-69; 1957, p. 51-52, 53), considered 
by him currently to be of Middle Triassic age. 


Estratos de Rio Blanco 


The Estratos de Rio Blanco are known also 
as the “Victor” beds (Triimpy, 1943; Baldwin, 
1944; Chiotti, 1946, unpublished thesis, Univ. 
Nacional Cérdoba; cf. Frenguelli, 1948, p. 240- 
241). An admirable exposure of them (as of 
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the Cacheuta) may be seen in the Mina Atala 
region a few kilometers west of Mendoza; 
their thickness here reaches 250 m. Included 
are a varied sequence of sandstones, shales, 
conglomerates, and some porphyrites. The 
colors are predominantly bright reds and violets, 
like the similar red beds which concluded 
Triassic sedimentary cycles in such distant 
areas as the Ischigualasto basin of San Juan 
and La Rioja, the Cayué beds of southern 
Brasil, and the Red Beds which close the 
Stormberg cycle of South Africa. The Rio 
Blanco beds are seen to some degree north 
of Cerro Bayo, farther west of Mendoza. They 
are well exposed in certain areas in the plain 
west and southwest of Cerro Cacheuta, pe- 
ripheral to the areas of Cacheuta bed exposures; 
fossil tree trunks are present locally (Rusconi, 
1941, p. 90-92). The Rio Blanco beds occur 
also on the Paramillos de Uspallata over 
considerable areas west of that occupied by 
the Potrerillos-Cacheuta, notably around Cerro 
Colorado. The name of Rio Blanco derives from 
their exposure on the hills lying west of that 
river south of Potrerillos village. Baldwin 
(1944) reports that to the south of the area 
of precordilleran exposures, the Rio Blanco is 
represented by dark and gray beds rather 
similar to the underlying Cacheuta. Some 
plant remains have been noted in the Rfo 
Blanco, but no vertebrates. Stappenbeck (1910, 
p. 66-68; 1911, p. 326-327) considered the 
Rio Blanco beds to be Cretaceous, and in 
certain areas these beds have been confused 
with red Tertiary sediments overlying the 
Cacheuta series—as for example by Zuber 
(1890) for areas west of Cerro Cacheuta. 


AREAL GEOLOGY 
Areas Considered 


The discussion below is essentially confined 
to exposures of the Potrerillos, Cacheuta, and 
Rio Blanco beds in and about the southern 
part of the Mendozan precordillera (Fig. 2). 

Knowledge of the Triassic beds found farther 
northward along the precordilleran region in 
San Juan province is well summarized by 
Groeber and Stipanicic (1952, p. 60-80, 102- 
110). These areas were not visited in the course 
of our recent work; no vertebrates are known 
from them.’ Further exploration for vertebrate 


3T am informed by Dr. H. J. Harrington that 
unpublished work by Dr. D. A. Nesossi shows that 
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remains of these and other precordilleran 
Triassic deposits in the San Juan-La Rioja 
region might yield interesting results. 


Challao Region 


(Burmeister, 1861, I, p. 277-279; 1876, 
p. 262; Stelzner, 1885, p. 68-69, 76-77; Avé- 
Lallemant, 1892; Bodenbender, 1897, p. 451- 
456; 1902; Stappenbeck, 1910, p. 62-63; 
1911, p. 323-324; 1917; Du Toit, 1927, p. 48-49; 
Fossa-Mancini, 1937; Triimpy, 1943; Fren- 
guelli, 1948, p. 237-241; Rusconi, 1946c, 
p. 1-3; 1947c; 1948d; 1950a, p. 7; 1955a, 
p. 75; Groeber and Stipanicic, 1952, p. 48-51) 

Challao is a small bathing resort 6 km 
northwest of the city of Mendoza. Because it is 
accessible many writers have described and 
studied the strata at this locality. The Mina 
Atala-Papagallos and Cerro Bayo-San Isidro 
regions described below are not far west, and 
certain of the references listed above apply 
to them as well as to the Challao region. 

North of the village of Challao is the eastern 
end of a spur running out from the precordillera, 
here termed the Cord6n de Las Lajas. Much 
of the spur is composed of las Cabras sedi- 
mentary rocks, about 700 m thick. Its southern 
face, however, consists of shales of the Estratos 
de Potrerillos, about 550 m thick. Faulting 
has strongly uptilted and even overturned 
these shales to about 10° beyond the vertical 
(cf. Rusconi, 1948d, perfil 2; 1956, Fig. 99), so 
that the Potrerillos beds appear to lie beneath 
the las Cabras. Limited Cacheuta exposures 
occur to the south, in the bottom of a quebrada. 
From a point about 1 km northwest of the 
village, the Quebrada de los Leones runs deeply 
upward into the spur of the precordillera 
(Rusconi, 1948d, Fig. 3). Numerous well- 
preserved small fishes are present in several 
places in the Potrerillos beds of the region, 
mainly in the nearly vertical shale beds on 
either side of the Quebrada de los Leones. 
The most prolific layer can be found a short 
distance below a topographic survey marker 
capping the hill east of the Quebrada and, 
descending west, is exposed along the road 
in the wall of the canyon about 100 m short 
of the point where the Quebrada opens north- 
ward into a small circular valley and the road, 
correspondingly, turns northeastward. Other 
fossil fishes have been found more directly 
north of Challao, in the Quebrada de la 


fishes described by Bordas (1944) from the Quebrada 
de Santa Clara, San Juan, are of Permian rather 
than Triassic age. 
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Hedionda, beyond the small Cerro de la 
Bodeguita. Rusconi has termed the Potrerillos , 


beds of the Quebrada de los Leones the Hori- 
zonte Leonense (or Horizonte Pumense), which 
he believes to be Middle Triassic in age (1950b, | 
p. 174; 1955a, p. 67, 75-76; 1956, p. 67; 1957, 
p. 51-54 partim); most of the beds in the 
Hedionda area, the Horizonte Bodeguense, he 
considers Upper ‘Triassic (Rusconi, 1950b, 
p. 174; 1955a, p. 75;'1956, p. 67; 1957, p. 53, 


55). The type of Mendocinia brevis‘ is from 


the Challao Potrerillos beds (Bordas, 1944; 
Schaeffer, 1955), as is the denticulate plate 
described as ?T'ypothorax punctulatus (Rusconi 
1947c, p. 523, Fig. 5; 1948d, p. 182; 1949a, 
p. 146-147). Smali coprolites are numerous at 
some levels (Rusconi, 1947c, p. 521-522, Figs. | 
1-4; 1949c, p. 241—247, Figs. 1-5; 1951b, 
p. 151, 152; 1956, Figs. 96, 97). One of the 
Semionotus scales described by Geinitz (1876, 
p. 3, Pl. 1, fig. 9) may have come from the 
Agua Salada near Challao, rather than from 
the Paramillos de Uspallata, and S. men- 
dozaenis may occur here (Rusconi 1946c, 
p. 3, 15). Rusconi described many small fishes 
from Challao, including Challaia striata (1946a, 
p. 148, Figs. 1-3; 1948d, p. 166), Anatoia 
semiovata (1946c, p. 4-7, Figs. 1, 2, 7; 1948d, 
p. 181), A. debilis (1946c, p. 7-8, Fig. 8; 
1948d, p. 181), Pasambaya tellecheai (1946c, 
p. 8-9, Figs. 3, 9; 1948d, p. 180), Echentaia 
obesa (1946c, p. 11-12, Figs. 6, 11; 1948d, 
p. 181), Caminchaia draghii (1946c, p. 10-11, 
Figs. 4, 5, 10; 1948d, p. 181), Pholidophorus 
dentatus (1946c, p. 13; 1948d, p. 178, 181, 
182, 183), Semionotus unicristatus (1946c, p. 15), 
Gyrolepidoides multistriatus (1948d, p. 166- 
167, 183), and Neochallaia leonensis (1948a, 
p. 242-244 as Challaia minor; 1952a, p. 159- 
160). The fauna has been summarized by 
Rusconi (1948d, p. 169; 1949a, p. 148-149; 
1954, p. 132-133; 1956, p. 67, 75; 1957, p. 
54-55). 


Mina Atala—Papagallos Region 


The small Mina Atala lies in a quebrada 
about 6 km west of Mendoza, about 3 km north- | 
west of a flood-control dam built across the 
more prominent Quebrada de Papagallos. On 
the slopes between the mine region and the 
boundaries of the city, an alluvial layer covers 
Tertiary and Mesozoic strata. But these beds 
are exposed for some distance west of a north- 
south line extending for about 5 km from | 


4A Mendocinia grandis is mentioned in the litera- { 
ture but has never been described. 
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AREAL GEOLOGY 


Mina Atala to a point on the Quebrada de 
Papagallos downstream from the estancia of 
that name. The exposures here were noted by 
Bodenbender (1897, p. 451, Pl., profile 1) and 
described by Stappenbeck (1910, p. 63-64, 
66-67; 1911, p. 324-325, 327) and have been 
noted by Simpson and Minoprio (1949, p. 2, 
Fig. 1) and Rusconi (1950a, p. 5-7); Minoprio 
has most recently published a photograph and 
section of them (1958, foto. 6, perfil 2, p. 
313). Except for the upper part of the Potreril- 
los strata, the lower beds of the series are absent 
here, because of faulting; the higher beds— 
including about 100 m of the Potrerillos, 
“black” Cacheuta, “red” Cacheuta, and Rfo 
Blanco—are well exposed. They dip sharply to 
the west, apparently forming the east flank 
of a syncline the north-south axis of which 
presumably lies several kilometers to the west. 
Above the Rio Blanco beds is a hard, very 
resistant layer of red sandstone of uncertain 
age; above this, to the west, are exposures of 
the Divisadero Largo beds of the lower Tertiary. 
Rusconi reports finds of fish fragments referable 
to Semionotus unicristatus and Gyrolepidoides 
(1946c, p. 15; 1949a, p. 148) and to Challaia 
magna (Rusconi, 1950a, p. 6). There are 
abundant concretions in the Cacheuta—par- 
ticularly in the lower, black, division. Some 
contain coprolites (Rusconi, 1951b, p. 151- 
152). Rusconi (1951b, p. 47) notes the presence 
of amphibian remains, and an amphibian 
skull has been found in a large concretion from 
this layer (Minoprio, 1958, p. 294). 


Cerro Bayo—San Isidro® 


Cerro Bayo is a prominent hill just east of 
the precordillera and about 15 km west of 
Mendoza. From this point northward to the 
estancia San Isidro, about 8 km distant, ex- 
tensive exposures of the Cacheuta series— 
broader to the south, narrower to the north— 
can be seen along the margin of the precordillera, 
despite a partial mantle of detrital material 
(Bodenbender, 1897, p. 451-456, Pl., profile 1; 
Rusconi 1946d, p. 47, Fig. 1; 1950b, p. 169- 
174, Fig. 1). The beds are considerably folded 
and faulted, but in general they form the west 
limb of an anticline of which the eastern 
limb lies in the Mina Atala-Papagallos area; 
the youngest beds lie toward the east margin 
of the area of exposure. Las Cabras beds are 
present near Cerro Bayo and extend northward 


5 These common place names are also present, 
confusingly, in the Triassic area near Potrerillos. 
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along the steep flanks of the precordillera in 
the region of the Bajada de la Obligacién. 
The Potrerillos beds form much of Cerro Bayo 
and occupy a considerable area (actively 
quarried) along the lower slopes to the north- 
west, downhill from the las Cabras exposures. 
The southern part of the area is crossed by 
the Rio Papagallos, emerging from the pre- 
cordillera and running down the slopes toward 
Mendoza. Exposures of the Estrata de Cacheuta 
are present on the banks of the quebrada 
occupied by this stream and, barring areas 
covered by talus, can be traced most of the 
distance north to San Isidro. Rio Blanco ex- 
posures are mainly limited to an area north 
of the Rio Papagallos, east of the line of the 
Cacheuta and near the former puesto Chambon, 
near a quarry now being developed by the 
Comisién de Energia Atémica. 

Over most of this area few vertebrate 
remains have been discovered. Our party 
saw fish scales in the las Cabras. Minoprio 
(1954; 1957) has described the remains of a 
therapsid, Colbertosaurus (Colbertia) muralis, 
in a slab of rock quarried from the Potrerillos 
at Cuchilla de las Vacas, on the slopes of the 
precordillera northwest of Cerro Bayo and 
about 20 km west of Mendoza. (The slab 
now forms part of the house wall of a Mendoza 
citizen who obdurately refuses to allow its re- 
moval in the interests of science!) However, 
one small area of Cacheuta exposure here has 
been highly productive. 

Directly north of Cerro Bayo, a small gulley 
enters the Rio Papagallos from the North; 
along it runs a track, the Camino Canteras, 
leading uphill to quarries in the Potrerillos 
beds. West of this gully, a bluff extends along 
the north side of the quebrada for about 200 
m. This is the Cerro Laberintodonte, “labyrin- 
thodont hill,” from which nearly all Rusconi’s 
amphibian material, and some fishes as well, 
have been obtained. Down stream a short 
distance from the hill is a small abandoned 
coal mine, the Carbonera Salas, somewhat 
farther the abandoned puesto Chambén, and 
still farther down the quebrada of the Rio 
Papagallos the puesto Lima. This hill has 
been mentioned and discussed by Rusconi 
(especially 1951b, p. 35-37, 73-74, Fig. 3; 
1955a, p. 76) and is described in detail in 
Minoprio’s most recent paper (1958, p. 304-306, 
foto. 5, perfiles 5, 6). The greater part of the 
face of the hill consists of typical “black” 
Cacheuta beds, identified by Rusconi with 
similar beds at Mina Atala, Potrerillos, and 
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Cerro Cacheuta and included in his Horizonte 
Limense, of Triassic age. At the top of the 
hill are layers of “red”? Cacheuta. Just beyond 
the west end of the hill is a major fault, and 
adjacent to it the red Cacheuta beds are tilted 
into a nearly vertical position; conditions here 
are well shown by Minoprio (1958, perfil 6). 
These red Cacheuta beds are Rusconi’s Hori- 
zonte Bayense, which he considers to be Upper 
Permian. The fauna has been listed by Rusconi 
(1950b, p. 170-171; 1951b, p. 48-49; 1954, 
p. 128-130; 1956, p. 60, 67; 1957, p. 54, 55). 
In the black Cacheuta are found Chigutisaurus 
tunuyanensis (Rusconi, 1948b; 1949a, p. 147; 
1950a, Fig. 1c; 1951b, p. 47, 75-90, Figs. 
4-8, Pl. VI, fig. 1; 1956, Fig. 89, Pl. XVI, 
fig. 2, Pls. XVII, XVITD), a postcranial skeleton 
assigned to this species (Rusconi, 1951b, p. 
90-120, Figs. 9-43, Pls. II-V, IX, X), Otwmini- 
saurus limensis (Rusconi, 1948c, 1949a, p. 
147; 1951b, p. 36, 46-47, 71-74, Fig. 2), 
Icanosaurus rectifrons, a form also present 
in the Cerro Cacheuta regions (Rusconi, 
1949c, p. 247; 1950a, p. 4; 1951b, p. 36, 48, 
122-130, Figs. 47-56, Pl. VI, fig. 2; 1955b, 
p. 86), fish remains and coprolites (Rusconi, 
1949c, p. 247-251, Figs. 6, 7; 1951b, p. 151- 
152). In the red Cacheuta have been found 
Chigutisaurus tenax (Rusconi, 1949d; 1951b, 
p. 35, 47, 136-150, Figs. 65-75, Pls. VII, 
VIII; 1956, Figs. 90-93), Challaia magna 
(Rusconi, 1949b, p. 222-230, Figs. 1-4; 1951b, 
p. 35; 1956, Fig. 88, Pl. XV), Neochallaia 
minor (Rusconi, 1948a, p. 241-244, Fig. 4; 
1948e, p. 254; 1949a, p. 149; 1949e, p. 231- 
234, Fig. 1; 195ib, p. 35; 1952a, p. 157-158, 
Fig. 1; 1956, Figs. 85, 86), Challaia multidentata 
(1949e, p. 234), Rhadinichthys tellecheai (1948a, 
p. 241-242, Fig. 1; 1948e, p. 254; 1949a, 
p. 149; 1951b, p. 35; 1956, p. 75, Fig. 84), 
and coprolites. 


Cerro Cacheuta 


(Stelzner, 1885; Zuber, 1890; Stappenbeck, 
1917, p. 22, 45; Windhausen, 1916, p. 9-11; 
Du Toit, 1927, p. 50; Triimpy and Lhez, 
1937, p. 43-49, table; Triimpy, 1943; Fren- 
guelli, 1948, p. 221-237 partim, Figs. 35, 36; 
Rusconi, 1950a, p. 3-4; 1951b, p. 130-131, 
132-133; Minoprio, 1958, p. 294, 296, fotos. 
1, 2, perfiles 3, 4) 

Cerro Cacheuta is the southern outpost of 
the precordillera. Its shape is crescentic; its 
long axis runs from northwest to southeast, 
and its convex outer margin faces west to 
southwest. South and west of the mountain 


A. S. ROMER—VERTEBRATE-BEARING TRIASSIC STRATA, ARGENTINA 


lies the barren Cacheuta basin, covered by 
upper Tertiary beds. Along most of the southern 
and western base of the mountain runs a 
broad sandy wash, the Arroyo de las Minas. 
This face of the mountain is covered by a 
sharply dipping layer of porphyrites. Over 
this lie Potrerillos sedimentary rocks of variable 
thicknesses, and over them, covered in part by 
alluvium, lie the Cacheuta and Rio Blanco 
beds near the base of the mountain. The 
greater part of the Potrerillos beds lies on the 
lower slopes of the mountain; for only a short 
distance, in the middle of their course near 
Agua de las Avispas (where there is a good 
plant exposure) do they reach the south bank 
of the Arroyo de las Minas. The Estratos de 
Cacheuta follow the base of the mountain. 
They are well exposed in six areas: (1) north 
of the divide between Arroyo de las Minas 
and Rfo Seco de Cacheuta (which runs north 
into the Rio Mendoza), near the La Manuelita 
mine; (2) near Mina Elcha, about 3 km to the 
southeast; (3) about 114 km farther southeast 
and about 24 km toward the mountain from 
the arroyo; (4) just northwest of Agua de las 
Avispas, where, like the Estratos de Potrerillos, 
they are exposed on the south bank’ of the 
arroyo; (5) about 4 km farther east, on the 
north side of the quebrada near a petroleum 
locality of the erstwhile Cia. Mendocina de 
Petréleo and former bathing resort, now in 
ruins; (6) about 2 km east of the last near the 
former national petroleum headquarters for 
the area. 

Unless certain of the fragmentary fish 
remains reported by Rusconi are from the 
uppermost level of the Potrerillos, all ver- 
tebrates known from this region are from the 
Estratos de Cacheuta which Rusconi properly 
equates with the “black”? Cacheuta of the 
Cerro Bayo region, his Horizonte Limense. 
The black Cacheuta type region is highly 
fossiliferous in certain areas. I do not know of 
any materials collected or described from 
localities 1 and 5. Our expedition recovered 
nearly a ton of concretions containing am- 
phibian and fish remains from areas 3 and 4 
and an amphibian skull from area 6. 

The Rio Blanco beds are characteristically 
developed but are in great measure covered 
by detritus. They are, however, well exposed 
northeast of the wash toward the western end 
of the exposures near Mina Elcha, where they 
contain tree trunks (Rusconi, 1938; 1954, p. 90- 
92),and, to the south of the wash, near Agua 
de las Avispas. 

Rusconi has described or listed a number of 
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fishes and amphibians from the Mina Elcha 
‘region. They include Gyrolepidoides cuyanus 
{u9s8a, p. 169), G. sp. (1946c, p. 14-15; 
1950a, p. 4-5; 1951b, p. 132-135; 1954, p. 
1134), Challaia cacheutensis (1950a, p. 4; 1950b, 
p. 172, Fig. 4; 195tb, p. 130; 1954, p. 134; 
1956, p. 69, 75), Amblypterus lujanensis (1949e, 
ip. 235-236, Fig., 2; 1950a, p. 4; 1951b, p. 
1130, 131; 1954, 134; 1956, p. 69, 75), Semionotus 
junicristatus (1946c, p. 15; 1948d, p. 169; 
1949a, p. 148; 1954, p. 134), S. mendozaensis 
(1946c, p. 15; 1948d, p. 169), Icanosaurus 
yectifrons (1950a, p. 4; 1951b, p. 48, 130- 
136, Figs. 57-64; 1954, p. 134), Chigutisaurus 
jcacheutensis (1953; 1954, p. 135; 1955b, p. 
85-94, Figs. 1-3; 1956, Fig. 94), perhaps 
Pholidophorus vallejensis (1946c, p. 15) and 
oprolites (1948d; 1949b; 1951b, p. 48, 151-152; 
1953). A faunal list is given by Rusconi (1955b, 
ip. 86). 


Potrerillos 


, (Avé-Lallemant, 1891, p. 156-163, Pls. 1-3; 
Bodenbender, 1893, p. 154-156; Stappenbeck, 
1910, p. 64-65; 1911, p. 325-326; 1917, p. 
23-24; Du Toit, 1927, p. 49-50, Fig., 5; 

rimpy and Lhez, 1937; Borrello, 1944, 

npublished thesis, Univ. Nacional La Plata; 

renguelli, 1944; 1948, p. 221-232, Fig. 34; 

usconi, 1950a, p. 5; Groeber and Stipanicic, 
1952, p. 46-48; Minoprio, 1958, perfiles 1, 7) 
\ The village of Potrerillos lies on the Mendoza 
(River between the cordillera and the southern 
end of the precordillera. West of the village 
tises the Cerro de las Cabras, the type locality 
lof the Estratos de las Cabras, here about 600 
im thick. The slopes of the mountain and the 
neighboring Cerro Bayo have broad exposures 
lof the Potrerillos beds, to about 700 m. A 
narrow valley at the south foot of the mountain, 
ithe Quebrada de la Mina, has good exposures 
iof about 210 m of the Estratos de Cacheuta; 
hills between this valley and the Rio Blanco 
are mainly composed of the beds taking their 
mame from that stream. Limited exposures of 
‘the series are found north of the Rio Mendoza 
jin the region of Estancia San Isidro. Despite 
ithe wealth of exposures in the region, little 
vertebrate material has been collected. Fish 
scales can be found in the Cacheuta beds 
(Rusconi, 1950a, p. 5), but the only described 
vertebrate specimens are the weathered skull 
from the Cacheuta beds, which is the type of 
Pelorocephalus mendozensis Cabrera (1944a; 
Rusconi, 1955b, p. 86), and the type of Gyro- 
lepidoides cuyanus Cabrera (1944b, p. 569-573, 
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Figs., 1-3), consisting of fish scales recovered 
from the las Cabras beds near milepost 44 of 
the transandean railway, a locality on the north 
bank of the Rfo Mendoza a short distance 
below Potrerillos. 


Paramillos de Uspallata 


(Darwin, 1846, p. 96-207; Burmeister, 1858; 
1861, v. 1, p. 243-290; 1876, p. 263-265, 315- 
334; Stelzner, 1885, p. 76-79; Avé-Lallemant, 
1890; 1891, p. 150-163, maps; 1892; Boden- 
bender, 1896; 1897; Stappenbeck, 1910, p. 
58-66, Pl. 9, perfile 4; 1911, p. 320-323, 326- 
327, Figs. 7, 8, Pl. 3, profile X; Du Toit, 1927, 
p. 47-48; Keidel, 1938, p. 241; 1939; 1946, p. 
137; Groeber, 1939, p. 177; Harrington, 1941; 
Windhausen, 1941, unpublished thesis, Univ. 
Nacional La Plata; Rusconi, 1938; 1941; 
1948d, p. 167-169; 1955a, p. 75; 1956, p. 67-69; 
1957, p. 53; Frenguelli, 1948, 242-246; Groeber 
and Stipanicic, 1952, p. 51-58) 

The Cacheuta series is extensive in the up- 
lands of the precordillera, the Paramillos de 
Uspallata, along the course of the transandean 
highway, where its exposures, including erect 
trees (cf. Rusconi, 1938; 1941), have attracted 
the attention of Darwin and the later geologicai 
workers listed above. Our party spent only a 
short time here and did not clarify the strati- 
graphic situation. Groeber and Stipanicic (1952) 
review the conflicting interpretations. 

The situation is complicated by numerous 
faults and a number of intrusive Triassic 
basaltic flows and sills and Tertiary sills; by 
the lack of a clear division between the 
Cacheuta series and underlying Paganzo beds; 
and by the lack of typical development of the 
Estratos de Cacheuta. In general, successively 
higher beds are encountered in following the 
highway from east to west. Harrington (1941, 
p. 21-22; Groeber and Stipanicic, 1952, p. 
53-54) described a thick series of sandstones 
and shales with intercalated layers of melaphyre 
and a basal conglomerate, which forms the 
upper slopes of the precordillera west of Termas 
de Villavicencio; these beds probably represent 
the las Cabras. Harrington reports Semionotus 
scales here. Thick series of shales and some 
conglomerates farther west, beyond the divide, 
are presumably Potrerillos equivalents. Bitumi- 
nous shales are present fairly far west and high 
up in the series. They do not form a continuous 
layer and are alternated with lighter shales, but 
presumably they represent the Estratos de 
Cacheuta. To the west, particularly around 
Cerro Colorado, are red and violet shales 
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which seem clearly to be equivalent to the Rfo 
Blanco formation. 

The highway follows the Agua de la Zorra 
in its descent west from the summit of the 
precordillera, passing the Mina de la Zorra en 
route. According to Stelzner’s account the 
scales of Semionotus mendozaensis described by 
Geinitz (1876, p. 2-3, Pl. 1, figs. 7,8) were 
collected near this mine; so also were part of 
the materials more recently described by 
Rusconi (and listed below). Other materials 
described by Rusconi came from a locality 
about 1 km to the south and not far removed 
stratigraphically, which Professor Tellechea 
told me is now covered by a mine dump. The 
mine area is characterized by bituminous shales 
comparable to those which elsewhere form the 
Estratos de Cacheuta; the other locality is 
certainly not far from the same zone. The beds 
here may pertain to the Cacheuta, or they may 
be uppermost Potrerillos; the stratigraphic 
difference is slight and of little importance in 
this continuous series of sediments. Rusconi 
considers these Paramillos localities to form the 
Horizonte Zorrense of his Formacién Challeana. 

Except for a reptilian tooth described as 
Ocoyuntaia arquata (Rusconi, 1947b; 1949a, p. 
146; 1954, p. 131; 1956, p. 69, 75) and for 
coprolites (Rusconi, 1951b, p. 152), all verte- 
brates from the Paramillos are fishes, including 
Semionotus mendozaensis (Geinitz, 1876; 
Rusconi, 1946a, p. 151, 153, Fig. 4c; 1947a, p. 
21; 1954, p. 131; 1956, p. 68, 75), S. vallejensis 
(Rusconi, 1950b, p. 173-174, Fig. 5; 1954, 
p. 131; 1956, p. 53), Cenechoia paramillense 
(Rusconi 1946a, p. 151-153, Fig. 4; 1949a, p. 
148; 1954, p. 131; 1956, p. 75), C. sulcata 
(Rusconi, 1947a, p. 21-23, Fig. 1; 1949a, p. 
148; 1954, p. 131; 1956, p. 69, 75), Guaymayenia 
paramillensis (Rusconi, 1946b, p. 186-188, 
Figs. 1-2; 1949a, p. 148; 1954, p. 131; 1956, 
p. 69, 75), Gyrolepidoides multistriatus (Rusconi, 
1948d, p. 167, 169; 1954, p. 131; 1956, p. 68, 
75), Eurynotus uspallatensis (Rusconi, 1946b, 
p. 188-190, Figs. 3, 4; 1949a, p. 148; 1954, p. 
131; 1956, p. 68, 75), and Pholidophorus 
vallejensis (Rusconi, 1947a, p. 23-24, Figs. 
2, 3; 1948d, p. 169; 1949a, p. 148; 1956, p. 
69, 75). Faunal lists are given by Rusconi 
(1948d, p. 169; 1954, p. 131). Rusconi (1947a) 
also mentions Platysomus from here but gives 
no description. 


Salagasta 


(Bodenbender, 1902; Huergo, 1906; Stappen- 
beck, 1910, p. 62; 1911, p. 323; Wichmann, 
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1928; Fossa-Mancini, 1942; Rusconi, 1948e, p; 
i 1950a, p. 7-8; 1951a; 1952b, p. 19-27, Fig 
1 ; 
The mining region of Salagasta, north af 
Mendoza, lies at the point where a long spy 
from the precordillera, running down from the 
northwest, sinks into the plain. Restricted 
areas of exposure are referable to the Potrerillos, 
the Cacheuta (with a coal zone), and typical 
red Rio Blanco (“‘Cretaceous” of early writers), 
Most of the areas of exposure lie along either’ 
flank of a narrow north-south syncline. Ow 
group did not visit this area. No vertebrates 
have as yet been reported from Salagasta except 
“ganoid” scales (Rusconi, 1948e, p. 254: 
1952b, p. 23). 


Las Higueras 


(Stappenbeck, 1910, p. 53-54; 1911, p. 315- 
316; Harrington, 1941; Rusconi, 1950b, p. 169 
1955a, p. 76; 1956, p. 60-61; 1957, p. 55 
Groeber and Stipanicic, 1952, p. 58-60) 

Northwest of Salagasta the spur of th 
precordillera mentioned above—termed the 
Cerros de Las Higueras and, farther north, the 
Sierra de la Pefias—carries, along its western 
slopes, a broad area of continental deposits, the 
Estratos de Las Higueras, with a basal con- 
glomerate and thick overlying shales. Early 
writers considered that they belonged to the 
Paganzo series, and Harrington (1941; personal 
communication) feels certain that they belong) 
to the earlier cycle of deposition, specifically! 
the Santa Clara sequence (of which the type 
locality lies to the north in San Juan province). 
The Las Higueras beds are sometimes regarded} 
as Las Cabras equivalents, and they have been} 
tentatively mapped as such in unpublished 
work by the Yacimientos Petrolfferos Fiscales./ 
Rusconi early considered them as Devonian 
(1950b, p. 169) but later (1951la, p. 5; 1955a, 
p. 76) termed them the Horizonte and For- 
maci6n Higuerense, of Upper Permian age, and 
still later (1957, p. 43-45) included them in his 
Horizonte Bayense. Rusconi (1951a; 1954, p.| 
129; 1956, p. 60-61, 75, Pl. XIX) has described} 
as Chirotherium higuerensis footprints found on) 
fallen blocks derived from these beds northeast 
of Puesto Las Higueras near the point where the| 
Rio de las Pefias breaks through the hills.| 
Peabody (1955) notes that these footprints are| 
of a type expected in the “uppermost Lower ot\ 
lowest Middle Triassic.” 
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Estimates of the age of the various members 
of the Cacheuta series have ranged from 
Permian (or even Devonian) to Cretaceous. In 
general, however, writers have considered most, 
if not all, members of the series to be of Triassic 
age. Closer determination has presented—and 
still presents—difficulties. The series is thick, 
but deposition appears to have been uninter- 
rupted, and the time concerned need not have 
been more than a third or half of the Triassic. 
In the older literature part or all of these beds 
were frequently assigned—for no_ strong 
reason—to the Rhaetic. Recent writers have 
tended toward the belief that at least part of 
the series was pre-Rhaetic in age, and Groeber 
and Stipanicic (1952, table 1) suggest that 
while the nonfossiliferous red Rio Blanco beds 


_ may be Rhaetic, the older part of the series 


may be slightly earlier, Noric in age. 

Correlation of continental beds such as these 
with the standard marine series in Europe is 
extremely difficult. The most abundant fossils 
are plants, which can be readily compared with 
Gondwanaland floras of other southern conti- 
nental areas, but there are few northern floras 
of a type with which they can be compared, 
and little interdigitation of Gondwanaland 
plant-bearing beds with marine strata in any 
area. 

Currently, the only attempt at correlation is 
a very indirect one (Groeber and Stipanicic, 
1952, p. 19-28, 46-48). The Cacheuta series is 
underlain in some places by the Choiyoilitensian 
porphyrites. In Chile, to the west, are Triassic 
keratophyres which may be of the same age. 
Below the Chilean keratophyres, in the Los 
Vilos region, are marine beds with invertebrates 
thought to be of Carnian age (cf. Kummel and 
Fuchs, 1953), and above them other beds with 
plants comparable to those of the Cacheuta 
series and possible Noric invertebrates. Hence 
it has been argued that the Cacheuta series 
must be of post-Carnian age, Norian—Upper 
Keuper—at the earliest, and thus of quite late 
Triassic date. However, there is no evidence 
that the porphyrites concerned are of the same 
age, and closer consideration of the invertebrate 
faunas renders these correlations doubtful. The 
faunas below the keratophyres (horizons 6B and 
) appear to be typically Middle Triassic in 
composition, except that Halobia is listed. Even 
above the plant beds, zone c (P.F.2) contains 
Nevadites, a characteristic Middle Triassic 
form. Higher, however, zone j2 (P.F.4) has a 
typical Upper Triassic fauna, and, still higher, 
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level % (P.F.6) is clearly Liassic. Restudy of 
these Chilean faunas seems advisable, but the 
evidence seems to favor assignment of the 
Cacheuta series to the Middle Triassic. 

The vertebrate evidence is not decisive but 
suggests that most if not all of the Cacheuta 
series is pre-Keuper and hence pre-Carnian. 
The most abundant fishes are perleidids, sub- 
holosteans which are present elsewhere pre- 
dominantly in early Triassic sediments; the 
youngest known form (from Perledo, Italy) is 
from about the Ladinian-Carnian boundary 
(Schaeffer, 1955, p. 3). This suggests a pre- 
Carnian age for the Portrerillos. Reptilian 
evidence is, so far, negligible. The amphibians 
are exclusively Brachyopidae and suggest early 
Triassic times (Romer, 1947, p. 234-238). 
Close relatives are found in South Africa in the 
pre-Molteno Cynognathus beds and in Indian 
and Australian deposits also indicative of early 
Triassic age (Mangali and Hawkesbury beds, 
respectively). In North America a brachyopid 
has been described by Welles (1947) from the 
Moenkopi. All these zones appear to be equiva- 
lent to the “Eo-Triassic” Scythian stage or, at 
the latest, to an early phase of the Middle 
Triassic. In the European upper Muschelkalk 
and Keuper—equivalent to the Ladinian, 
Carnian, and Norian—the brachyopids are 
replaced by the plagiosaurs, shortheaded but 
far more specialized in nature. This suggests 
that the Estratos de Cacheuta, at least, were 
early Triassic in age. An archaic group of 
continental vertebrates may continue to 
flourish in one area long after its extinction in 
others as is true today of Australia. But the 
vertebrate evidence certainly fits better with an 
assignment of the Cacheuta series to the Lower 
or Middle rather than the Upper Triassic. 

A second line of attack by means of 
vertebrate evidence is less direct. Frenguelli 
(1948) and Groeber and Stipanicic assume 
that the Cacheuta series is comparable to that 
seen to the northeast in the Ischigualasto 
region, and that the Estratos de Cacheuta are 
synchronous with the Ischigualasto beds proper 
(Groeber and Stipanicic, 1952, cuadro I). 
These beds appear to be definitely pre-Norian 
and probably pre-Carnian, for dinosaurs are 
absent, and the flourishing reptile groups are 
cynodonts and rhynchosaurs—groups that 
flourished in the Middle Triassic and are almost 
entirely unknown in beds in the northern 
continents equated with the Carnian or later 
Triassic stages. The equation of members of 
this Ischigualasto-Ischichuca series with those 
of the Cacheuta series is far irom certain, but 
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both the direct evidence from the brachyopids 
and fishes and the indirect reptilian evidence 
from Ischigualasto suggest that the Cacheuta 
beds of the Mendoza region should be assigned 
to a level in the Triassic lower than that as- 
signed heretofore. 
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GEOLOGY OF THE ELKHORN MOUNTAINS, NORTHEASTERN OREGON: 


PART 2. WILLOW LAKE INTRUSION 
By Witir1am H. TAUBENECK AND ARIE POLDERVAART 


ABSTRACT 


The Willow Lake intrusion is funnel-shaped with contacts inclined inward at 60°-70° 
and has a sheetlike appendage to the southwest, inclined northwest at 50°. The pluton 
lies athwart the southern contact of the Bald Mountain batholith and was emplaced 
before the main batholithic phases. It contains normal metagabbroic rocks, rhythmically 
layered rocks similar to those described from the Stillwater and Skaergaard intrusions, 
and abnormal banded rocks in which the minerals are elongated and arranged with their 
longer axes at high angles to the banding. Similar abnormal] banded rocks have been found 
in a number of localities in Oregon and California, invariably in steep-walled intrusions of 
small-size, including dikes a foot or less in width. The Willow Lake type of rhythmical 
layering cannot have been formed by a process combining gravitative sedimentation of 
crystals with convection currents in the magma, such as accounts for Skaergaard-type 
layered rocks. The Willow Lake-type layered rocks probably formed by undercooling and 
crystallization in the oversaturated (metastable) region, combined with inter- 
mittent convective and turbulent currents, in a magma near a univariant condition. 

Banded rocks of this type may be expected in epizonal metamorphic regions in 
steep-walled mafic intrusions, emplaced late in the regional metamorphic cycle. Criteria 
for so-called gravity stratification are examined; the various features of density strati- 
fication may in part be due to processes other than those operating under the influence of 
gravity. The perpendicular feldspar rock of the Skaergaard intrusion and the harrisite 
structure of layered periodotites from the island of Rhum are cited as products of mod- 
erate undercooling of magma in a bivariate condition. Translation-gliding effects and 
a set of conjugate shears developed in Willow Lake banded rocks are attributed to 
stresses in the crystal mush resulting from magma movements past surfaces of crystalli- 
zation. The role of diffusion in the interstitial melt is discussed, and the formation of mono- 
mineralic layers in the Willow Lake banded rocks is attributed to diffusion between in- 
terstitial melts of adjacent bands of contrasting mineralogy and reactions between the 
melts and the surrounding solid phases. 
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INTRODUCTION 
General Statement 


This paper is the second of three contribu- 
tions on the Elkhorn Mountains of northeastern 
Oregon. The first (Taubeneck, 1957a) dealt 
with the igneous rocks of the Bald Mountain 
batholith. This second contribution focuses 
on the mafic rocks of the Willow Lake intrusion 
and the types of banding. The third study will 
deal with the metamorphic aureole of the 
Bald Mountain batholith (Taubeneck, 1957b; 
1958a). 


Location 


The Willow Lake intrusion is about 13 miles 
northwest of Baker and within 8 miles of U. S. 
Highway 30 (Fig. 1). It lies athwart the 
southern contact of the Hunt Mountain salient 
of the Bald Mountain batholith and crops out 
for about 1 mile on both sides of a sharp ridge 
(Pl. 1, figs. 1, 2) east of Willow Lake (Fig. 2). 
Elevations in the body along the crest of the 
ridge are 7800 to 8550 feet. North of the crest 
the intrusion extends down rocky slopes to 
7270 feet with generally excellent exposures, 
except in the northeast. South of the crest it is 
exposed down to 7000 feet, with good exposures 
above 7400 feet and poor exposures in the 
southeast at lower altitudes. 

The intrusion is accessible via either Rock 
Creek or Pine Creek tracks, passable only to 
vehicles with four-wheel drive. Both tracks 
can be followed to an altitude of about 6400 
feet, beyond which a foot trail leads to the 
crest of the ridge (Fig. 2). Snowdrifts in the 
northern part of the body generally persist until 
early July, hence the area should not be visited 
before this time. 


Age Relationships 


The Elkhorn Ridge argillite (Gilluly, 1937, 
p. 14) is the oldest formation in the Elkhorn 
Mountains and is a Permian (Taubeneck, 





118° 
T 





WASHINGTON 
46° - —-—-—--—------------- 


OREGON 


L.. Pendleton 




















18° 7? 





FicurE 1.—InpEx Map oF Batp MovuntTAIN 
BATHOLITH, OREGON 


1955b) sequence of chert, cherty argillite, 
tuffaceous argillite, and argillite, with minor 
graywacke, limestone, and greenstone. About 
114 miles south of the Willow Lake intrusion, 
a volcanic formation several thousand feet 
thick is probably equivalent to the Clover 
Creek greenstone (Gilluly, 1937, p. 21-27), 
also of Permian age. These rocks have been 
intruded by serpentinized dunite and gabbro, 
which in east-central Oregon are post-Permian 
and pre-Upper Triassic (Thayer, 1956). The 
strongly folded Permian and Triassic rocks are 
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Figure 2.—Topocrapnuic Map oF Hunt 


cut by the Bald Mountain batholith, which is 
probably early Cretaceous (Taubeneck, 1955a). 

The Willow Lake body is one of the earliest 
lunits of the batholith. It intrudes the Elkhorn 
Ridge argillite but is cut by the Bald Mountain 
tonalite. 


Scope 


During field work in 1950, Taubeneck 
(1957a, p. 191) found a unique type of banding 
‘in mafic rocks in the Hunt Mountain salient 
jof the Bald Mountain batholith. The banding is 


MOowunrtTAIN AREA, OREGON 


characterized by the orientation of highly 
elongated crystals roughly perpendicular to 
alternating layers of plagioclase and ferromag- 
nesian minerals. This type of banding is 
found in a number of small lenticular bodies 
less than 225 feet wide on or near Hunt Moun- 
tain (Fig. 2), in several dikes in Elkhorn Ridge 
argillite (Fig. 3), and in the Willow Lake in- 
trusion (Fig. 3). The last is the only mafic 
body of this type large enough to appear on 
Taubeneck’s map (1957a, p. 235). 

Banding of identical type has been en- 





1298 TAUBENECK AND POLDERVAART—WILLOW LAKE INTRUSION, OREGON 


countered also in the Wallowa batholith, about 
30-40 miles to the northeast (Taubeneck, 
1958b). Here there are two small banded 
bodies, whereas banded xenoliths have been 
found in different phases of the batholith. 

In California, banding of this type occurs in 
hypersthene-bearing gabbroic rocks in the 
vicinity of Loch Leven Lakes in the Sierra 
Nevada within 1 to 2 miles of U. S. Highway 
40 (R. R. Compton, personal communication, 
1959). Additional occurrences (A. A. Loomis, 
personal communication, 1959) in California 
include several localities from 0.5-4.0 miles 
southwest of the Emerald Bay part of Lake 
Tahoe. Here, in the Fallen Leaf Lake quad- 
rangle, the banding is associated with two 
bodies which Loomis regards as among the 
earliest intrusive units in this part of the 
composite Sierra Nevada batholith. Banded 
specimens from these California localities are 
identical in appearance to the samples from 
northeastern Oregon. 

The Willow Lake intrusion has generally 
superior exposures, shows relationships of 
particular significance better, and has fewer 
complications induced by emplacement of later 
phases of the respective batholiths as compared 
with the other localities. This paper describes 
the banding in detail and attempts to explain 
its origin. 


Methods 


The U. S. Geological Survey topographic 
map of the Sumpter quadrangle (1899-1900) 
was not suitable for detailed mapping, hence 
aerial photographs with an approximate scale 
of 1 inch = 660 feet were used. Efforts to 
correct for distortion were only partly suc- 
cessful. Thirty-eight days were spent in the 
field on mapping and detailed examination of 
the Willow Lake body and surrounding area. 

Mineral compositions of the rocks were 
determined with a Chayes stage, using three 
sections cut at right angles and counting about 
2400 points for éach sample. Optic axial angles 
were measured with a four-axis universal 
stage, using direct readings only. Refractive 
indices were obtained in sodium light by the 
immersion method; liquids were checked with 
a Leitz-Jelley refractometer. Compositions were 
found from correlation curves of Kuno (1954, 
p. 40) for orthopyroxene, Hess (1949, p. 634, 
637) for augite, and Poldervaart (1950, p. 
1069) for plagioclase. A total of 250 thin 
sections were examined. 
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FIELD CHARACTERISTICS i 


The Willow Lake intrusion consists of two\ 
components, partly separated by a thick buf 
discontinuous zone of banded rocks (Fig. 4)/ 
The main body is oval in outline and funnel 
shaped, with east and west contacts inclined 
inward at about 70° and north and south, 
contacts at about 60°. To the southwest the 
body extends into a sheetlike appendage, in-\ 
clined northwest at about 50°. 

The intrusion is surrounded and _ intrude() 
by Bald Mountain tonalite (Taubeneck, 1957a, 
p. 197-204). A brecciated screen of country 
rocks on the south partly separates the mafi 
rocks from the tonalite, but elsewhere the 
Willow Lake intrusion is in direct contact with 
tonalite (Fig. 3), although contacts are usually 
obscured by talus. The best exposures ar? 
along the southwestern margin of the body) 
Numerous tonalite dikes (Taubeneck, 1957a, 
Pl. 1, fig. 2) cut the eastern part of the in 
trusive body, but in its western part such dikes 
are rare. Tonalite in the area south of the 
Willow Lake intrusion is finer-grained thar’ 
elsewhere in the Bald Mountain batholith. 
This is attributed to more rapid cooling in this) 
peripheral part of the batholith and is cor- 
roborated by the presence of relict augite only 
partly replaced by hornblende. Everywhere 
else in the batholith, the Bald Mountain’ 
tonalite contains hornblende exclusive of augite. 

Country rocks south of the intrusion show 
isoclinal folding, as judged from steep dips) 
and small exposed folds. South of the batholith 
(Taubeneck, 1957a, Figs. 2, 4, 5) and in the} 
adjacent Baker quadrangle (Gilluly, 1937, 
p. 69) the characteristic regional trend is 
east-west, and dips are generally in excess of| 
60°. Inclusions and brecciated screens (Fig. 3) 
show deflections from the regional trend. 
Xenoliths of metamorphosed chert, cherty 
argillite, argillite, greenstone, and minor lime- 
stone constitute an estimated 10-15 per cent 
of the intrusion. They are particularly abundant 
in the eastern part, where many inclusions are 
large enough to show on the map (Fig. 3). The 
xenoliths show all stages of assimilation, from 
sharply defined fragments to vaguely defined] 
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“ghosts” that differ from the igneous rocks 
only in texture and mineral proportions. Since 
the inclusions are in the pyroxene hornfels 
facies of metamorphism and many are of 
mafic compositions, the writers experienced 
difficulties in distinguishing some xenoliths 
from igneous rocks. 

The “normal” rock of the Willow Lake in- 
trusion is a medium- to coarse-grained, some- 
what pale rock which ranges from metanorite to 
hornblende metagabbro. The highest part of 
the body is in the west where elevations exceed 
8050 feet. Here outcrops show many clots and 
schlieren of black, coarse-grained hornblende in 
dull-white feldspar and also occasional miaroles 
with hornblende, feldspar, epidote, pyrite, 
and scarce biotite. 

In many places the “normal” rock shows 
crude layering of plagioclase and ferromag- 
nesian minerals (most commonly hornblende), 
which closely resembles the layering of many 
mafic intrusive bodies (Wager, 1953; Hess, 
1938; 1960). The layers are roughly parallel 
to the nearest contact of the intrusion, and 
layering of this type is more apparent in the 
field than in hand specimens or thin sections. 
Hornblende metagabbros along or near some 
contacts show local development of distinct 
layering (PI. 2, fig. 1). Folds (PI. 2, fig. 2) and 
minor crenulations (PI. 2, fig. 3) occur here and 
there and are similar to features described in 
the San Marcos gabbro (Miller, 1938, p. 1224). 
The best exposures are at 7700-7900 feet 
along and near the western contact of the 
intrusion. Layering in the metanorites is less 
well developed, more widespread, and not 
confined to the marginal parts of the intrusion. 
Examples as distinct as that shown in Figure 
4 of Plate 2 are rare. 

Much more spectacular are the unique zones 
of banded rocks (Pl. 3, figs. 1-4) in which the 
crystals are roughly perpendicular to the 
layering (Pl. 4). These zones outline the main 
funnel but are also found in the western 
appendage of the body. The maximum width 
of the banded! rocks is 32 feet near the north- 
east contact, but generally the width is less 
than 15 feet. Individual layers may be very 
thin, down to the thickness of a single crystal, 
or may be several inches to a foot wide. The 
thinnest mafic layers consist of magnetite, 


1TIn descriptive portions of this paper, layers of 
the type described in the preceding paragraph will 
be identified as type A wherever confusion might 
exist. Elsewhere the reader can assume that the 
discussion concerns layers of type B (Pls. 3, 4). 





orthopyroxene, or hornblende and are generally 
found in the outer parts of the banded zones, 
The thick dark layers are augite or hornblende 

and are more common in the inner parts of they 
banded zones (Pl. 3, fig. 1). The grain siz’ 
varies considerably in different outcrops. Ih 
some exposures, elongated feathery plagioclase! 
laths may reach a length of 8 mm, whereas in 

the mafic bands curved hornblende blades are 

up to 10 mm long.-More commonly, plagioclase’ 
laths are about 2 mm in length. Fine-grained | 
banded rocks (plagioclase laths 0.1 mm long) 

are confined to the northern contact and to 

the northwestern end of the prominent banded 

zone which passes through the interior of the 

intrusion. Clots and schlieren or crosscutting 

veinlets of hornblende and _ plagioclase are! 
common in the banded rocks in the highest 

part of the intrusion. In a few places the banded 

rocks are intricately folded (Pl. 3, fig. 4), 
apparently as a result of slumping of the 

layered crystal mush. Folds commonly show 
thickening and thining of bands, and in a few 
tight folds individual bands may pinch out! 
along the limbs. Zones of banded rocks are 
roughly parallel to nearby layered rocks of} 
type A, and both are parallel to contacts (Fig.) 
4). Where the banded rocks are folded, axial’ 
planes are in the same dire¢ctions as the inclined} 
contacts of the intrusion, with apices of folds 

pointing down. The best examples of con- 

tinuous banded sequences are on the steep 

cliffs (Pl. 1, figs. 1, 2) between 800 and 

1400 feet east of Willow Lake. Here two banded 

zones which trend N. 60°W. can be followed! 
with few interruptions for 600 feet into the) 
interior of the pluton. A short distance to the 

south, a third sequence of less prominent bands 

parallels the other two zones. 

The banded zones are intruded and brec-} 
ciated by tongues and dikelets of “normal” 
rock in places (Pl. 3, fig. 3) or are found as) 
autoliths? in “normal” rock. Brecciation may 
have resulted in dislocation and rotation of 
banded rocks, but the fragments in places are 
so closely packed that there is little nonbanded 
rock between them. Bifurcation of banded 
zones is uncommon, occurs usually on a small 
scale, and apparently results from splitting 
apart (Pl. 4, fig. 3) of banded sequences by 
injected mafic magma. The origin of a larger- | 
scale example of bifurcation near the eastern 
end of the continuously banded zone 1400 | 





2 A fragment of igneous rock enclosed in igneous 
rock of later generation, each igneous rock being a 
derivative of Willow Lake magma. | 
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feet east of Willow Lake is not so apparent. 
Here a thick banded zone splits into two 
branches, neither of which can be traced for 
more than 50 feet. One branch follows the 
prevailing trend of N.60°W. for this locality, 
whereas the other strikes N.25°W. Dips are 
75°-90°, the same as in other banded zones in 
this locality. 

The banded autoliths may contain many 
layers or only a few (PI. 3, fig. 6). Six examples 
have been found of banded autoliths encircled 
by banded rocks of later generation in normal 
mafic rock (Pl. 3, fig. 5). In the example photo- 
graphed, the banded core has long, feathery 
crystals, whereas the banded rim is much 
finer-grained. 

Xenoliths of country rocks in the eastern 
part of the intrusion are also commonly en- 
circled by banded rock in which the layering 
parallels the contact of the xenolith but crystal 
lineations are at high angles to the contact. 
Banding is more common around large xenoliths 
and consequently best exhibited in the south- 
east where banded zones reach a maximum 
width of 4 feet. One xenolith about 180 feet 
long is fringed by a continuous banded zone 
26 inches wide. Xenoliths less than about 10 
feet long have banded rims no more than 6 
inches wide. In one locality, swarms of small 
xenoliths are encircled by banded rock. In 
outcrops of less than 200 square feet, most 
rimmed xenoliths are encircled by the same 
number of bands in the same sequence, but 
over larger areas there is no such uniformity. 
There is also no correlation between type of 
xenolith’ and presence or absence of banded 
rims. 

3 Xenoliths containing sedimentary beds of such 
markedly different compositions as chert, argillite, 
and limestone and surrounded by banded rims 
(containing delicate layers of types described in 
text) sharply discordant to the attitude of enclosed 
strata are one of the most compelling of field criteria 
for the igneous origin of Willow Lake banded rocks. 


PLATE 1.—AERIAL VIEWS OF HUNT MOUNTAIN VICINITY, OREGON 


Hand specimens of the banded rocks (Pl. 4) 
clearly show the unique character of the 
layering. Feathery, elongated crystals of pla 
gioclase and ferromagnesian minerals ha 
pronounced lineations at angles of 70°-90° t§ 
the layers which, nonetheless, remain sharpl 









identified. 

A banded dike occurs in the country ro 
at an elevation of 7400 feet on the south si 
of the intrusion (Fig. 3). The dike is expos 
intermittently along the sides of a gulch an 
crops out at four places within 101 feet alon 
the strike. The dike exposures total 38 feet 
and the strike is N.10°E. in the south, swin 
ing to N.25°W. in the most northern exposur 
Dips are 60°-70° and westerly. The width 
the dike ranges from 27 inches in the south 
10 inches in the northern exposure. The band 
rocks are symmetrical to either side of a coré 
of contaminated metagabbro which contains 
xenoliths of country rocks and autoliths of 
banded rocks. In one outcrop the core pinches 
out for 3 feet along the strike, leaving a 24- 
inch dike of symmetrically banded __ rocks, 
Within an area of 1600 square feet, five small 
banded dikes are associated with the larger 
dike. They vary in width from one-quarter of 
an inch to 314 inches and have no cores of 
nonbanded metagabbro. They may be offshoots 
from the main dike, but exposures are in- 
adequate to prove this. About 1900 feet north- 
east of this occurrence, another small banded 
dike occurs near the southern contact of the 
Willow Lake body. A similar but larger dike 
occurs in the northern part of an inclusiof 
between the Black Bear quartz metagabbro 
(Taubeneck, 1957a, p. 195-197) and Bald 


Mountain tonalite; three large, banded dikeg 

ain es —— - 
Angular inclusions of banded rock rimmed by simé 
lar banding of later generation are equally coms 
pelling evidence for igneous origin. This footnoté 
is included so that no reader will have any reason t@ 
suspect that a metamorphic origin was never com 















sidered for the Willow Lake banded rocks. 
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Figure 1.—Looking southwest at Willow Lake cirque near summit of Hunt Mountain. Arrow in uppet 
left shows location of Willow Lake. Canyon of Rock Creek is near center of picture. 

Ficure 2.—Looking southwest at eastern Elkhorn Mountains. Hunt Mountain is in the foreground, | 
Arrow in upper right shows location of Willow Lake. Glaciated canyon of Pine Creek is in middle distance, 


PLATE 2. 


—OUTCROPS OF SKAERGAARD-TYPE LAYERED ROCKS 


Ficure 1.—Layering in hornblende metagabbro 


Figure 2.—Crumpled layering in hornblende metagabbro 
Figure 3.—Undulations in layering of hornblende metagabbro 


FicuRE 4.—Vaguely defined layering in metanorite 
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AERIAL VIEWS OF HUNT MOUNTAIN VICINITY, OREGON 





Figure 4 


Ficure 2 
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Ficure 3 
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Ficure 1 


Ficure 3 


Ficure 4 
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Ficure 5 Ficure 6 


OUTCROPS AND SPECIMENS OF WILLOW LAKE-TYPE LAYERED ROCKS 
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TABLE 1.—MopEs OF METANORITES AND HORNBLENDE METAGABBROS 
(Weight per cent) 
METANORITES HORNBLENDE METAGABBROS 
al me | ee | clalialsei¢ginlelwlelelealina 
+ | © oe) oO +t | Se] Oo N Se © ae) \=) ise) © + i 2) 
~ _ WwW _ ~ | wy _ ~ _ _ Ww _ te) iY) Te) + 
' Quartz ae Bees) ante benef Oot 0.7 0:6). | 
} Plagioclase | 69.4) 66.7) 62.0 69.7 66.1.63.4 66.0 67.5.65.2'67.3 72.063.6 63.4/55.3 66.8:59.8 57.0 
Pyroxenes* | 16.9) 15.3) 10.4) 8.8) 6.3) 5.0 2.9} 2.5] 1.9) 1.5 0.8) 0.8) 0.4; 0.1 
Amphiboles 5.2) 16.6) 22.7/18.4/24.0,27.7|27.8 26.9 28.7/28.8 23.5'31.5 30.4.40.7'31.3 37.9 39.4 
Biotite O.tRo. 0.1} 0.8) 0.3) 0.1 0.2; 0.1) 1.0 0.1 ; ae! Ss 
Magnetite 6.0, 1:3) 3,852 -0) 2.5): 2a 2 Sa 2.5 2.0} 1.8): 2.5) 4.3) 2.77 6.9) 1.1) 14.6 
Apatite 0.5) 0.1 0.7) 0.3 0.3) 0.6, 0.4 0.2: 0.6 0.3) 0.2) 0.3) 0.6 0.4 0.1) 0.4) 0.6 
' Restf | oe 0.3 0.5] 0.9) 0.2); 0.4: 0.9) 0.1) 0.3) 1.3) 0.2)' 0.8 0.9) 0.8) 1.4 


* Ratio opx/cpx about 414 to 1 


t Includes chlorite, talc, sphene, epidote, and calcite 


near the eastern base of Hunt Mountain are 
at much lower elevations. Banded dikes are 
especially characterized by feathery, elongated 
crystals which generally are longer than crystals 


hornblende metagabbro. In thin sections no 
differences can be seen between normally 
layered and nonlayered rocks, hence the two 
are discussed together. All metanorites con- 


tain a small amount of brownish-green horn- 
blende molded on pyroxene. Hornblende meta- 
gabbro has little or no residual pyroxene, and 
brownish-green hornblende is the main fer- 
romagnesian mineral. Rocks with more than 
5 per cent pyroxene are arbitrarily classed 
as metanorites, whereas those with less than 
5 per cent pyroxene are called hornblende 
metagabbros. There is no systematic distribu- 
tion of the two rock types within the intrusion, 


in banded sequences within the Willow Lake 
jintrusion. Branching plagioclase laths reach 
lengths of 20 mm, and hornblende blades are 
‘up to 26 mm in length. 


PETROGRAPHY 
“Normal” Rocks 


“Normal” rocks, with or without normal 
igneous layering (Pl. 2), include metanorite and 
g 5 ’ 


Pirate 3.—OUTCROPS AND SPECIMENS OF WILLOW LAKE-TYPE LAYERED ROCKS 
Ficure 1.—Narrow dark bands near base are orthopyroxene, broader bands near top are augite. Note 


conjugate shears on right below center of photograph. 
FicuRE 2.—Narrow dark bands on left are orthopyroxene, broad bands in center are augite, and broad 





| dark band on right is hornblende. 

Ficure 3.—Brecciated part of layered sequence. Normal hornblende metagabbro occupies spaces be- 
tween the fragments. Fragment with knife has been rotated 90°. Narrow dark bands are orthopyroxene, 
broader bands on right are augite. Note conjugate shears. 

FicurE 4.—Folds in layered sequence. Elongation of crystals at high angles to banding can be seen in 
lower-left corner of photograph. Note development of thrust in fold just below hammer. 

Figure 5.—Banded autolith surrounded by a banded rim in hornblende metagabbro. Note small banded 
autolith just left of knife. 

FicurE 6.—Fragmented layered rock in hornblende metagabbro. 

Pirate 4.—SPECIMENS OF WILLOW LAKE-TYPE LAYERED ROCKS 

FicurE 1.—Note elongation of minerals at high angles to the banding and vaguely defined banding in 
hornblende metagabbro to the left of specimen. Bottom of banded sequence on left, top on right. 

FicurE 2.—Note set of conjugate shears developed in elongation of minerals. Bottom of banded sequence 


} 








on left, top on right. 

FicurE 3.—Banded sequence intruded by hornblende metagabbro. Shear directions are well shown. 
| Bottom of banded sequence on right, top on left. 
FicurE 4.—Shear directions shown by elongation of minerals and fractures. Bottom of banded sequence 
jon left, top on right. 
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and within the same outcrop metanorite may 
occur within a few feet of hornblende meta- 
gabbro. 

Table 1 gives modes of representative 
metanorites and hornblende metagabbro; Fig- 
ure 5 is a cumulative diagram of the modes. 
Plagioclase, pyroxenes, and amphiboles con- 
stitute 94-99 per cent of the rocks. Amphiboles 
formed mainly at the expense of pyroxenes. 

“Meta” has been prefixed to the rock names 
mostly because field relationships show that 
the rocks underwent a cycle of contact heating 
resulting from emplacement of the main phase 
of the Bald Mountain batholith. However, 
the writers found no conclusive evidence of 


} 
metamorphism in thin sections. For the most 
part, textures are subophitic and_ typically! 
igneous. Exsolution lamellae in pyroxenes ate 
the same as those encountered in unmetamor 
phosed plutonic mafic rocks (Poldervaart ané 
Hess, 1951, p. 481-485). Twinning in plagioclas¢ 
(Taubeneck, 1957a, p. 214) is the same as that 
observed in unmetamorphosed mafic pluton 
(Gorai, 1951, p. 890-895). However, some greet 
hornblende is either postconsolidation or es 
sentially postconsolidation, as it occurs along 
microfractures and partly surrounds fractured 
plagioclase. Perhaps this hornblende is meta’ 
morphic. Adjacent to tonalite dikes in th 
intrusion, Willow Lake rocks are almosi 
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PETROGRAPHY 


invariably hornblende metagabbros, and joint 
planes are coated with hornblende. Hence 
there must have been some later formation of 
hornblende associated with the emplacement 
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ous hornblende (2Va: 77°-79°, y: 1.663-1.671, 
yc: 16°-18°) which commonly shows fine mag- 
netite schi'ler and simple twinning on (100). Less 
common is a colorless amphibole which is appar- 








FiGuRE 6.—DRAWINGS OF THIN SECTIONS OF “NORMAL” Rocks 


A, hornblende metanorite. Note relict orthopyroxene surrounded by serpentine, in turn surrounded by 
cummingtonite, as a composite unit in hornblende. B, metanorite. Pl—plagioclase, opx—orthopyroxene, 
aug—augite, ho—hornblende, mt—magnetite, bi—biotite. 


of Bald Mountain tonalite, but the writers 
could not distinguish between primary, deuteric, 
and metamorphic hornblende in thin sections 
of Willow Lake rocks. 


The “normal” rocks (Fig. 6) show little variation 
in their mineralogy. Plagioclase laths (Ango-5s, 
aver. Ange) are clear in the metanorites but some- 
what turbid in the hornblende metagabbros. The 
lowest An values have been found along parts of 
the southern contact (Fig. 4A), but in the interior 
of the intrusion plagioclase is normally of composi- 
tion Ango.ss. Rhombic pyroxene (Ofso-s;, aver. Ofs2) 
builds subhedral prisms and is moderately pleo- 
chroic. Fine exsolution lamellae//(100) are present, 
but no other lamellae such as characterize inverted 
pigeonite (Poldervaart and Hess, 1951, p. 482-483) 
have been observed. Augite (2V: 50°-54°, y: 1.710- 
1.713, aver. comp. CaygMgwFe1s) apparently crys- 
tallized after rhombic pyroxene and commonly 
shows simple twinning on (100). Relict pyroxenes 
in hornblende metagabbros have the same com- 
positions as pyroxenes in the metanorites. 

Several different amphiboles are found in the 
rocks. Most common is a brownish-green calcifer- 


ently of two generations: (1) surrounding pyroxene 
relicts in hornblende metagabbros, and in turn 
surrounded by brownish-green hornblende, and 
(2) molded on brownish-green hornblende as fibrous 
aggregates showing repeated (100) twinning. Op- 
tical properties of both generations are variable: 
2V,: 71°-73° and 80°-86°, y: 1.653-1.657, Ac: 
18°-20°. This amphibole is apparently cumming- 
tonite. A few examples have been found in which 
relict rhombic pyroxene is partly replaced by a dirty 
greenish-brown serpentine, surrounded by color- 
less cummingtonite, which in turn is enveloped by 
brownish-green hornblende (Fig. 6A). A_ third 
amphibole is colorless to pale green, invariably of 
late formation, associated with chlorite and late 
cummingtonite, and has the optical properties of 
actinolite. 

A minor quantity of brown biotite (y: 1.618) is 
found in many of the rocks associated with magnet- 
ite or molded on  brownish-green hornblende. 
Small amounts of pyrite, pyrrhotite, and chalco- 
pyrite are also present. Other accessories are inter- 
stitial quartz, gray clouded apatite, rare orthoclase 
(2Va: 70°-76°), and jagged zircon crystals (Taube- 
neck, 1957a, p. 215). 
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In the hornblende metagabbro (Fig. 6A), magnet- 
ite is commonly partly altered to leucoxene, and 
sphene may also be a minor constituent. Other 
alteration products include bluish-green chlorite 





(2) Plagioclase-(magnetite -+ orthopyroxene)! 
banded rocks (Fig. 7A). These are fine- to medium. 
grained. Magnetite is an early crystallization prod. 
uct and commonly included in orthopyroxene. The 











| ! | 
0 Vo com 
Ficure 7.—DRAWINGS OF THIN SECTIONS OF WILLOW LAKE-TyPE LAYERED Rocks I 


A, plagioclase-(magnetite + orthopyroxene) rock, type 2. Bottom of sequence is at top of field of view 
top of sequence at base of field. B, plagioclase-orthopyroxene rock, type 3. Bottom of sequence is at base 
of field of view, top of sequence at top of field. C, plagioclase-orthopyroxene rock, type 3. Layering is less } 
well defined; orientation as in 7B. Pl—plagioclase, opx—orthopyroxene, mt—magnetite, ho—hornblende. | 


(8: 1.620), serpentine, talc, calcite, and green epi- 
dote. Occasional microfractures in the rocks may 
be filled by green hornblende, actinolite, chlorite, 
and green epidote, calcite, or turbid clay material. 


Banded Rocks 


Banded rocks in which plagioclase laths are 
oriented at high angles to the banding may be 
divided into the following types according to 
the predominant ferromagnesian mineral: 


(1) Plagioclase-magnetite banded rocks. These 
form thin parts of the banded sequences and are 
not common. The rocks are fine-grained and have 
thin bands of magnetite with or without minor 
orthopyroxene alternating with bands of short, 
feathery plagioclase laths and scattered ortho- 
pyroxene prisms. Accessory minerals are small 
amounts of augite, pale-green hornblende molded 
on pyroxene, and brown biotite associated with 
magnetite or hornblende. Magnetite in the mafic 
bands builds individual subhedral crystals or 
strings of interconnected crystals. It is enclosed by 
orthopyroxene and clearly of earlier crystallization. 





latter also builds scattered prisms in the plagioclase } 
bands. Augite may be present in minor quantities in | 
the mafic bands but is absent from the plagioclase 
bands. Green to brownish-green hornblende partly 
replaces pyroxene. Brown biotite forms small 
flakes on magnetite or hornblende. 

(3) Plagioclase - orthopyroxene banded rocks 
(Figs. 7B, 7C, 8A). These form prominent parts of | 
many banded sequences. Accessory minerals are } 
augite, green to brownish-green hornblende molded 
on pyroxene, scarce magnetite and biotite, and | 
apatite needles which in the feldspathic bands 
parallel the plagioclase laths. The rocks are fine- 
to medium-grained. The orthopyroxene in the 
mafic bands may be granular or prismatic and } 
elongated parallel to the banding. In the later 
case, polarized light shows that individual crystals 
are subdivided into units which are rotated up to | 
5° with one another. Bottom boundaries of the mafic 
bands are more sharply defined than top boundaries. 
The orthopyroxene may also be granular in the bot- | 
tom parts of the bands but prismatic and elongated | 
at high angles to the banding in the top parts, or 
it may be prismatic and elongated in the same direc- 
tions as plagioclase laths in the feldspathic bands. | 
Top and bottom boundaries of the mafic bands } 
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cannot then be distinguished. Orthopyroxene in the 
feldspathic bands is invariably prismatic and elon- 
gated in the same directions as the plagioclase 
laths. 
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may be prismatic and elongated at high angles to 
the banding. Among the prismatic crystals a few 
branching forms may also be present. The crystals 
are commonly twinned on (100) and show small dis- 


B 








Ficure 8.—DRawincs Or THIN SECTIONS OF WILLOW LAKE-Type LAYERED Rocks 
A, plagioclase-orthopyroxene rock, type 3. Layering and top-bottom criteria are not well defined. B, 
plagioclase-(orthopyroxene + augite) rock, type 4. Layer of augite is flanked on both sides by layers of 
orthopyroxene. C, plagioclase-augite rock, type 5. Layers are too thick to be shown clearly in field of view 
but are well defined in specimens and extend in the same direction as in Figure 8A and 8B. Augite crystals 
are granular. Pl—plagioclase, opx—orthopyroxene, aug—augite, ho—hornblende, mt—magnetite. 


(4) Plagioclase-(orthopyroxene + augite) banded 
rocks (Fig. 8B). These form relatively thin parts 
of the banded sequences and are medium-grained. 
Accessory minerals are green to brownish-green 
hornblende which partly replaces pyroxene and 
magnetite. The mafic bands may be mixtures of 
augite and orthopyroxene, or augite bands may be 
bordered on both sides by orthopyroxene, or alter- 
nate mafic bands may consist of augite or ortho- 
pyroxene. Augite is commonly twinned on (100). 
Crystals which are elongated parallel to the band- 
ing show small displacements of the (100) twin 
composition plane. Feldspathic bands contain 
plagioclase and minor orthopyroxene but no augite. 
Orthopyroxene crystals in the orthopyroxene 
bands or in the orthopyroxene borders to augite 
bands may be surrounded by dactylitic outgrowths 
of minute globules and rods of orthopyroxene. 

(5) Plagioclase - augite banded rocks (Figs. 
8C, 9A, 9B). These form prominent parts of the 
banded sequences and are coarse-grained rocks in 
which the mafic bands are thicker than in any other 
member of the banded sequences. The mafic bands 
may consist of granular augite crystals, or the augite 





placements of the (100) twin composition plane 
if the latter is parallel to the banding. The feld- 
spathic bands may show more variation than is 
usual in the banded rocks. Thin plagioclase bands 
in thick augite bands consist of stumpy plagioclase 
laths without preferred orientation. Slightly thicker 
plagioclase bands are fine-grained and may show 
laths oriented parallel to the banding. The more 
prominent feldspathic bands are coarse-grained 
and show the typical branching, feathery plagio- 
clase laths oriented at high angles to the banding. 
The three types of feldspathic bands may be found 
in the same specimen and even in the same thin 
section. Accessory minerals in these rocks are green 
to brownish-green hornblende and magnetite which 
may be enclosed by or molded on pyroxene. 
(6) Plagioclase - hornblende banded rocks (Fig. 
9C). Any part of the banded sequences may in- 
clude rocks in which all original pyroxene has been 
replaced by hornblende. However, toward the top 
of several banded sequences, coarse-grained, banded 
plagioclase-hornblende rocks are found which are 
clearly of a different type. They consist of long 
branching hornblende shafts oriented at high angles 
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to the somewhat crude banding and alternating 
with equally long, feathery plagioclase laths, simi- 
larly oriented. The brownish-green hornblende 
crystals are curved and commonly twinned on 


metanorite; 2 feet of banded rocks; 414 feet of 
metanorite; 14 foot of banded rocks; 12 feet of 
metanorite; 2 feet of banded rocks; 114 foot 
of metanorite; hornfels. The most mafic rock 








| n 
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FicuRE 9.—DRAWINGS OF THIN SECTIONS OF WiLLOW LAKE-TyPE LAYERED Rocks 


A, plagioclase-augite rock, type 5. Layers are well defined, top of sequence at top of field of view, bottom 
at base of field. Augite crystals are prismatic. B, plagioclase-augite rock, type 5. Layers are not well de- 
fined. Top of sequence to left of field of view, bottom at right of field. Large branching augite prisms in 
fine-grained matrix form layers which alternate with layers of large plagioclase laths. C, plagioclase-horn- 
blende rock, type 6. Hornblende as large branching prisms. Top of sequence to upper right of field of view, 
bottom at lower left of field. Pl—plagioclase, aug—augite, ho—hornblende, mt—magnetite. 


(100). Plagioclase is usually slightly altered and 
somewhat turbid. Accessories are magnetite en- 
closed by hornblende, a little brown biotite molded 
on hornblende, and stumpy apatite prisms. The 
hornblende in these rocks is considered to be pri- 
mary. The best-developed plagioclase-hornblende 
banded rocks are found in the banded dikes. 


Banded sequences in the Willow Lake pluton 
show a great variety of associations of these 
types of banded rocks, with frequent repetitions 
and many omissions of one or more banded 
rock types. However, in general, the trend in 
the banded sequences is from types (1), (2), or 
(3) on the outside, or lower part, of the sequence 
toward types (4), (5), and (6) on the inside, or 
upper part, of the succession. A banded se- 
quence may also be interrupted by layers of 
normal metanorite or hornblende metagabbro. 
For example, the following sequence occurs 
between two large hornfels xenoliths in the 
eastern part of the intrusion: hornfels; 2 feet of 
metanorite; 4 feet of banded rocks; 7 feet of 


of the intrusion (Fig. 4B) has been found 
at the base of the banded sequence which 
separates the main funnel from the western 
extension of the Willow Lake body. The rock 
shows vague layering and consists of olivine 
(Fajs), orthopyroxene (Of,5), and plagioclase 
(Angs), with small quantities of augite, brown- 
ish-green hornblende, biotite, and magnetite. 
This is the only olivine-bearing sample found 
in the intrusion; it also has the most calcic 
plagioclase. 

In general, the upper units of a banded 
sequence tend to have more sodic plagioclase 
than the lower units, but it is not unusual to 
find a unit with more calcic plagioclase im- 
mediately above one with more sodic pla- 
gioclase. Variations in compositions of pla- 
gioclase within a banded sequence are not so 
pronounced as they are from one banded 
sequence to the next. The over-all variation 
in An content of plagioclase in all banded se- 
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quences is Angs-49 (Fig. 4B). Orthopyroxene 
ranges from Ofss to Ofs0; the prominent type 
(3) rocks generally contain orthopyroxene 
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various types. The more prominent of these 
are widely spaced and filled with various 
minerals. Early formed fractures, filled with 





| Ficure 10. 


T 


1 
5 mm 


-DRAWINGS OF CRYSTALS IN THIN SECTIONS OF WiLLOW LAKE-TyPE LAYERED Rocks 


A, B, C, plagioclase crystals showing translation gliding and twin gliding. D, hornblende crystal showing 
| curvature and central plane of separation. E, augite crystal showing displacements of twin composition 


| plane by microfaults. 


| Oe. Augite in types (1) to (3) rocks has 
| 2V:52°, 7:1.706, indicating a composition 
CayMgisFe. Hornblende has 2V (—):76°, 
| y:1.662 in all the banded rocks, but in type 
(6) rocks hornblende has 2V (—) :80°, y:1.674. 
Banded zones around xenoliths are similar 

to the banded rocks already described. The 
| banded dike that is 10-27 inches wide has a 
| core of hornblende metagabbro with plagio- 
| clase Angs-50, flanked on either side by banded- 
| rock types (4) to (6) with plagioclase Anso-¢0. 
Most banded rocks have been somewhat 
deformed, as shown by small fractures of 





pyroxene and magnetite, commonly show small 
displacements of the bands on either side of 
the fractures. More common are fractures 
filled with green to brownish-green hornblende. 
Alteration may extend laterally along the 
mafic bands which then show increasing 
replacement of pyroxene by hornblende as the 
fractures are approached. Other fractures are 
of late formation and filled with chlorite or 
turbid clay minerals. Fractures are found in 
the banded rocks as well as in “normal” meta- 
norites or hornblende metagabbros. 

The banded rocks also show a closely spaced 
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TABLE 2.—CHEMICAL AND MINERALOGICAL COMPOSITIONS 


_All chemical analyses by H. B. Wiik, Helsinki, Finland 











CHEMICAL ANALYSES 









































| | Rea | | 
| 2 2 | — 
a e 5 ° co} lo ° 2 + r=} 
gi/¢i¢/¢i¢eig | gisi¢|ei¢ei 8 
Le ie) e ie pe] a eo) ea | es 
aes he ss Ea om Tee ae Gg ST 5) ai Wage Pee toe 
74B | 49.90, 0.78 | 20.72| 2.56 | 4.91) 0.09 | 4.87 [10.00 | 3.32 | 0.45) 0.43 | 1.23 | nil | 99. 26 
539 | $1.83 0.77 | 21.45) 0.90 | 5.90| 0.18 | 4.68 | 8.88 | 3.97 | 0.34 0.33 | 1.08 | 0.06 100.37 
B46 | 52.61) 0.84 | 19.88) 2.98 | 4.27) 0.09 | 4.66 | 8.90 | 4.04 | 0.40 0.36 | 0.36 | nil | 99.39 
521 | 56.60 0.72 | 18.67) 1.14 | 5.25) 0.17 | 4.60 | 7.58 | 3.40 | 0.99) 0.29 | 0.80 | 0.09 100.30 
395 | 58.82) 0.57 | 15.98 0.25 | 6.26 0.19 | 5.83 | 8.39 | 2.15 | 0.72) 0.08 | 0.94 | 0.03 100.21 
Norms 
Pd vee. pa | coe | ae 
| | | | Di eee ge oy 7 
| Qu | Or | Ab An | 4 —, foal Ouse Cacal | Total 
| | [Wo | Ba | Fe | ant Bg Of | Fo | Fa | | | 2 | 
id RAE AC | puke. Rea eH |\— 
748 | 0.12| 2.6628. 08 40. 31) 2.82] 1.79) 0.85 10. 33, 4.93 |. | 3.71) 1.481 | 0.941.23) 99.25 
539 | .. | 2.0133.58'39.71) 1. .00) 0.54 0.42) 8.28) 6.50] 1.98 1.72) 1.31 1.46 0.72/1.14 100.37 
B46 | 2.14) 2.37/34.17'34.93) 2.96] 2.01) 0.72) 9.59] 3.44 | 4.32) 1.59, 0.79.0.36| 99.39 
521 | 7.81] 5.85/28.7632.76 1.31) 0.74) 0.51/10.71| 7.32 1.65 1.37; 0.63 0.89 100.31 
395 14.26 4.25/18.18,31.83, 3.89 2.15) 1.5912.36| 9.11 0.36 1.08 0.17 0.97 100. 20 
_ Moors “Ww eight per cent) — 
i ee cord | ; eS Var ee 
Qu | Pl | Opx Cpx. | fe | Act Bi Mt | Rest | An(n) | e° Fa f-norm 
| | & a 
748 | 69.4| 14.1] 2.8] 5.0] 0.2] 0.1! 6.0] 2.4] 59 | 42.5| 36.6] 83.2 
530 66.0| 2.8) 0.1 12.6/ 15.2 | | 2.7] 0.6] 54 | 47.3) 42.2| 87.4 
B46 | (67.4 | . | 0.4| 20.9] 5.1| 0.7| 4.7] 0.8! 51 | 50.9] 34.4] 86.0 
521 | 6.8 | 58.2 | 1.9| 13.6} 8.7} 8.8] 1.6] 0.4] 53 | 48.2] 39.8! 91.8 
7. 2.1) 7.1] 19.7] 4.5 | 1.3| 0.3| 64 | 37.7| 38.3 | 104.7 


395 Fi od tetee ney 


“Samples 74B, 539 and B46 from Ww illow Lake, 521 ‘from. Badger Butte, 395 from Black Bear i intrusion 

Qu, quartz; Pl, plagioclase; Opx, orthopyroxene; Cpx, clinopyroxene; Ho, hornblende; Act, actinolite; 
Bi, biotite; Mt, magnetite; Rest includes apatite and alteration minerals 

An(n), normative anorthite; Ab ratio, albite ratio after Wager (1956); Fe ratio, iron ratio after Wager 


(1956); f-norm after Barth (1936). 


conjugate pair of shear planes. The fabric of 
the banded rocks with respect to these shear 
planes is being studied in detail by Dr. Saurin- 
dranath Sen, of the University of Calcutta, 
India. His preliminary findings are here sum- 
marized: 


“The shear planes cut across the mineral banding 
at high angles, the bisectrix of their acute angle of 
intersection making an angle of 72°-85° with the 
trace of the banding. The slender, elongated, 
feathery plagioclase laths are always parallel to one 
of the conjugate shear planes. The effects of shear- 


ing and slipping along these planes are clearly 
visible within both feldspathic and ferromagnesian 
bands. Translation gliding in plagioclase occurred 
chiefly along (150), (150), (101), (010), and (001), 
with incidental translation on (001) cleavages or 
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(010) and (001) twin composition planes when | 


these planes are within 75° from one of the con- 
jugate shear planes. In addition, twin-gliding is 
observed in the crystals. The most conspicuous 
results are twinned crystals in which there has been 
subsidiary slip along symmetrically disposed twin 
composition planes on both sides of the major slip 
plane. The twins are on the acline law on (010) in 
(001), the glide plane is parallel to [010], and the 
orientation of one half of the crystal can be obtained 
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modes, 
the Wi 
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All thr 





by rotating the other half through 180°. Less con- 
spicuous are clusters of fine lines of short lengths 
which parallel the major slip plane, a thick plane 
separating each crystal into two units and itself a 
composite cluster of closely-spaced slip planes. The 
augites and hornblendes may also show the central 
major slip plane which is subparallel to [110].” 
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are associated with the Bald Mountain batho- 
lith, and all are earlier than the main batho- 
lithic phases (Taubeneck, 1957a, p. 191-197). 
The five analyzed rocks are not banded and 
represent the normal gabbroic phases of the 
interior of the intrusions. 
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Figure 10 shows camera lucida drawings of 
several crystals. Figure 15 gives a sketch of a 
{ specimen of a fold in the banded rocks, with 
| the directions of the shear planes indicated in 
Bes. | different parts of the fold. Banded rocks around 
2 | xenoliths also show this conjugate pair of shear 
4 planes. The writers do not believe that the pecul- 
0 iar structure of the banded rocks is due to post- 
8 magmatic deformation. The shear planes clearly 
7 developed during consolidation of the banded 
~ | rocks. Field and thin-section studies show that 


orm 


on | the banded rocks crystallized with plagioclase 

lite; and many of the ferromagnesian minerals 

: oriented at high angles to the banding. However, 

‘48€r | shearing developed almost simultaneously and 
undoubtedly modified the original structure of 
the banded rocks to some extent. As will be 

early suggested later, the deformation is probably 

sian | due to movements of a somewhat viscous 

Ot) | magma past the sites of crystallization. 

Ss or 

vhen | PETROGENESIS 

con- 

} 1S ° 

~ a Chemical Data 

been : 

twin Table 2 shows chemical analyses, norms 

slip | modes, and derived values for three rocks from 

9) in the Willow Lake intrusion and one each from 

Bava d the Badger Butte and Black Bear bodies. 


| All three plutons (Taubeneck, 1957a, Fig. 23) 





Trend for Hawaiian tholeiites and alkali basalts are from respective fields of Figure 1 of Tilley (1950) 


The chemical compositions of all five rocks 
are peculiar and not typically basaltic. This 
is shown in Table 3 in which compositions of 
the five rocks are compared with various 
averages of basalts and andesites. The Black 
Bear rock has the highest SiO. content but is 
otherwise most like basalt in composition. 
The four other rocks are characterized by 
high Al,O; and low FeO + Fe,0;. The two 
Bushveld norites quoted in Table 3 (nos. 3, 4) 
are comparable but have higher CaO and lower 
Na,O contents. On a diagram of SiO, against 
combined alkalies (Fig. 11), the four rocks 
fall between the fields of Hawaiian tholeiites 
and alkali basalts (Tilley, 1950, p. 42), whereas 
the Black Bear rock falls on the Hawaiian 
tholeiitic trend. The trend of the Willow Lake 
and Badger Butte rocks is distinctly tholeiitic 
in failing to show consistent increase in com- 
bined alkalies with increasing SiO, content. 
In a diagram of iron ratio against albite ratio 
(Wager, 1956, p. 219), the Black Bear rock 
and Willow Lake specimen 74B fall in the 
field of early stage basalts, and the other three 
rocks are in that of middle-stage basalts 
(Fig. 12). Of the five rocks, Willow Lake 
specimen 74B has the lowest, the Black Bear 
rock the highest, SiO2 content. 

Values calculated for the f (norm) (Barth, 
1936, p. 334-335) of the five rocks (Table 2) 
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are exceptionally low, with Willow Lake 
74B having the lowest, and the Black Bear 
rock the highest, value. For Willow Lake 
specimen 539, the f (norm) was calculated 
after converting normative olivine to hy- 
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Ficure 12.—D1acGram OF IRON Ratio 
AGAINST ALBITE RATIO 
Iron ratio: 100 (Fet®? + Mn)/(Mg + Fet? + 
Mn), in atomic proportions. Albite ratio: 100 
Ab/(Ab + An), in molecular proportions. After 
Wager (1956). 


persthene, i.¢c., from the saturated equivalent 
of the norm. Barth (1936, p. 334-335) does 
not recommend this procedure, but the writers 
have found it desirable in testing the f (norm) 
for four analyzed basalts, for which Yoder and 
Tilley (1957, p. 157-158) have determined 
the order of crystallization experimentally. 
Table 4 gives the data and results. The norms 
have been calculated anew by the writers and 
are not the same as those given by Yoder and 
Tilley (1957, p. 158), who apparently used 
less precise tables. 

To determine the relationships between 
plagioclase and olivine, one can use the results 
of Osborn and Tait (1952, p. 419) for the 
system diopside-forsterite-anorthite with some 
modifications. If this discussion is restricted to 
the early crystallization products of basaltic 
magmas (calcic plagioclase, magnesian olivine 
or orthopyroxene, and magnesian augite near 
diopside in composition), and if the field of 
spinel is ignored, a three-phase curve can be 
constructed which separates the field of mag- 
nesian olivine from that of calcic plagioclase, 
and which must be near the boundary curve 
determined by Osborn and Tait (1952). One 
point on the curve is given by the Medicine 
Lake basalt (Table 4, no. 3); other points on 
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or near the curve are Washington’s (1923, gether 
, cs . ferentia 
p. 342, no. 3) analysis of a glassy apophysis of It i 
a dike in the crater wall of Kilauea, Hawaii, —_ 
and Wager and Deer’s (1939, p. 221) calculated | 8 adger 
composition of the second Skaergaard liquid. | 
The results are shown in Figure 13. The three 
corners of the diagram are: normative plagio- } 
clase (including normative nepheline converted =~ 
to albite); normative diopside; and normative 
olivine (including normative hypersthene con- 
verted to olivine). Yoder (1954, p. 107) has) _ 
shown that at increased water pressures the 4B 
“eutectic” point of the system anorthite: | 539 
diopside-(water) shifts toward anorthite, from | B46 
AnDi;s for the anhydrous system to approxi-| 521 
mately AnzsDizy at 5000 bars water pressure. 395 
The corresponding three-phase curve between 
the fields of calcic plagioclase and diopside in A 
basaltic magmas may be expected to show a B 
similar shift toward anorthite from its position c 
determined by Osborn and Tait (1952) for the, 
anhydrous system diopside-forsterite-anorthite. : 
Figure 13 is an approximation and can be! 2 
applied only to basaltic rocks with calcic 3 
plagioclase and magnesian olivine or or- 4 
thophroxene, and magnesian augite. In iron-rich / em 
rocks, the plagioclase-olivine boundary curve A 
° “or AAV 
may be expected to shift toward olivine. The B i 
five analyses of mafic rocks from the Bald} C rt 
Mountain batholith fall well into the plagio- * va 
clase field, with the Willow Lake and Badger 2 dei 
Butte rocks grouped together and the Black 3 N 
’ C 
Bear rock much nearer to the boundary curve 4 No 


and near the point representing the initial 
Skaergaard magma (Wager and Deer, 1939, f 
p. 221). Also indicated in the diagram are the peculiar 
original Stillwater magma (Hess, 1960) and ®" °F = 
Hall’s (1932, p. 304) average typical Bushveld blivine, 
norite. sulted | 

These observations emphasize the unusual [his is 
type of differentiation shown by the five for whi 
mafic rocks from the Bald Mountain batholith. “oes no 
Although both the Black Bear rock and Willow 
Lake specimen 74B are in the field of early 
stage basalts, the former has the highest SiO, 
content and is nearest to the four-phase curve 
of pyroxene, olivine, and plagioclase (Yoder Plutons 
and Tilley, 1957, p. 159), whereas the latter (1953), 
has the lowest SiO, content, is in the plagioclase (1938; 
field, and is farthest removed from a univariant distingt 
condition. It seems reasonable to conclude that /@yering 
all five rocks are differentiates and that none Product 
of the rocks represents or approximates the ©°™P0S 
composition of the original magma and, further, ward a 
that the Black Bear rock represents a different #0" of 
type of differentiation than the other four rocks pointed 
which on the variation diagrams cluster to- the in! 


Laye 


gether or show an approach toward a dif- 
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may be expected; these result from com- 


Seg ferentiation series. plementary crystallization from the roof of 
fase’ It is emphasized that the Willow Lake andthe pluton downward. Rhythmic layering is 
ulated Badger Butte rocks formed after the associated formed by a succession of bands in which 
liquid. | 
. three TABLE 3.—COMPARISONS OF CHEMICAL COMPOSITIONS 
plagio- } (Recalculated anhydrous to 100 per cent) 
verted owe a aS ‘ema oF 5 a Cai N NT aes “i 
native | SiOz | TiOz | AhO2 | Fe:0s | FeO | MnO | MgO | CaO Na,O | K.O P20; 
XR SSNDaee Dae sel | calc eet 
7) has | | | | | | 
és thi 74B | 50.9 | 0.8 | 21.1 L266 | 5.0 O87 SO. f 10.2 $:4.:1 O45. 1:04 
rthite- | 539 | 52:2 | 0.8 | 21.6 0.9 | 6.0 0.2 | 4.7 9.0 4.0 | 0.3 0.3 
from | B46 | 53.1 | 0.8 | 20.1 | 3.0 | 4.3 0.1 | 4.7 9.0 | 4.1 | 0.4 | 0.4 
proxi-| 521 roam | A Re ee cam gee 7 al er 0.2 | 4.6 7.6 3.4 | 1.0 | 0.3 
sure| 395 | 9.2 | 0.6 | 16.1 | 0.3 | 6.3 | 02 | 5.9 s4 | 22 eo + el 
tween | | | | 
ide in mit BO | rsa SO | 2.1 1. 98 0:25 15 ¢0 10.5 2:2 G51 G2 
how al B | 47.0 | 3.0 | S| 3.7 8.1 0.2 7.9 10.9 4:7 6 |. 63 
saition mee ae 13 14 CSA SES 0.2 4.4 | 8.0 3.7 a 0.3 
or the, | | | 
rthite. | 1 | 45.4: ) O89 -| 19:2 1.8 baa 0.1 8.0 11.2 ae 0.3 0.1 
an bel 2 | 50.4 | 0.9 18.9 Fe (ph 0.2 5.4 | 11.0 2.0 0.3 0.1 
calcic 3 | 52.9 | 0.2 | 21.1 | 0.5 5.8 oy ae a a4 | Se a ai | Pe 
as 4 | 50.0 | Gs | eae 1 E89 4.0 0.1 i all a 4 Oe 101 
phe Sample localities given in footnote to Table 2 
: Sin A, Average tholeiite (Green and Poldervaart, 1955, p. 185) 
Bald | B, Average Pacific basalt (Green and Poldervaart, 1955, p. 185) 
jlagio- | C, Average of 49 andesites (Nockolds, 1954, P- 1019) 
adger 1, Average of 7 basalts, Medicine Lake, California (Green and Poldervaart, 1955, p. 183) 
Black z Average of 16 basalts, Huzi volcanic zone, Japan (Green and Poldervaart, 1955, p. 183) 
saci 3, Norite, Bon Accord quarry, Pretoria (Hall, 1932, p. 304, no. 1) 
initial 4, Norite, Zwartfontein north, Potgietersrust (Hall, 1932, p. 305, no. 4) 
1939 


re shia peculiar banded rocks and therefore should be 
) and ©” or near the four-phase curve of pyroxene, 
q Plivine, and plagioclase if differentiation re- 
sulted from normal fractional crystallization. 
iusual This is the case in all other layered intrusions 
» five for which detailed studies are available but 
iolith, foes not apply to the Willow Lake intrusion. 


Villow 


shvel 


early Layering in Igneous Rocks 
t SiO» Wie : 
curve Layering in igneous rocks of large gabbroic 


Yoder Plutons has been studied intensively by Wager 
latter (1953), Wager and Deer (1939), and Hess 
oclase (1938; 1939; 1960). Wager (1953, p. 335-336) 
ariant Mistinguishes between cryptic and rhythmic 
e that layering. Cryptic layering in an intrusion is 
none Produced by progressive changes in mineral 
‘s the Compositions from the base of the pluton up- 
rther, Ward and results from fractional crystalliza- 
ferent tion of the magma. Hess (1956, p. 450) has 
rocks Pointed out that just below the upper contact of 


or to- the intrusion, reversals in cryptic layering 


alternately one or another of the main con- 
stituent minerals predominates. Layered rocks 
of this type result from a combination of 
crystal settling and convection currents in the 
magma. That these banded rocks are the 


dicated by their microscopic fabric, which 
generally shows a markedly preferred orienta- 
tion of the longer crystallographic axes in the 
plane of banding (Peoples, 1936, p. 355; Hess, 
1938, p. 265). Hess (1938, p. 266-267) has 
noted that layering of this type may also be 
produced by currents other than convection 
currents, e.g., turbulent currents resulting from 
sagging of the floor, or stoping from the walls 
or roof of the intrusion. Also, the emplacement 
of additional undifferentiated magma into a 
body of crystallizing magma may produce a 
layer characterized by reversals in the progres- 
sive changes in mineral compositions shown by 
the sequence of layered rocks. Hess (1938, 
p. 267) believes that the Merensky reef of the 
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TABLE 4.—ComposiTIONs OF Four BASALTS 


(Chemical analyses from Yoder and Tilley, 1957, p. 157; experimental order of crystallization from 


Yoder and Tilley, 1957, p. 157-158.) 
J. H. Scoon, Analyst 
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OnvER OF -Crystactizarion 


Experimental | sat. f (norm) 


id (norm) 


120.3 Ar px) 
127.0 (px-pl) 
71.3 (pl-px) 
103.6 lil px) 


pera 
| 136.1 (px-pl) 
127.0 (px-pl) 
114.4 (pl-px) 
106.2 (pl-px) 


| 

| ol-px-pl 
| ol-px-pl 

| (pl + ol)-px 
| ye (ol + Px) 


1, Tholeiite basalt, 1921 lava, Kilauea caldera, Hawaii 





| Total 


100.30 
100.40 
100.47 





plagiocl 
as type 
Willow 

| pressure 





100.45 , 


Total 


100. 30) 
100.40) 
100.46 
100.44 


2, Tholeiite basalt, prehistoric flow, National Park quarry on highway 0.75 mile northeast of Volcano 
Observatory, Kilauea, Hawaii 
3, High-alumina basalt, Warner flow 4 miles southeast of East Sand Butte, Medicine Lake Highlands, 


California 


4, Alkali basalt, Papalele Gulch, near highway northeast of Mauna Kea, Hawaii 


Bushveld complex originated in this man- 
ner. 

Yoder (1954, p. 107) has suggested another 
possible mechanism which may produce rhyth- 
mic layering in igneous rocks. Experiments with 
synthetic melts at various water pressures 
show that in three-component systems such 
as diopside-anorthite-water, the four-phase 
point (eutectic point of the anhydrous system) 
shifts in one direction or another. Rhythmic 
changes in water pressure in a crystallizing 
basaltic magma may therefore result in al- 
ternate crystallization of plagioclase, pyroxene, 
and olivine, instead of simultaneous crystalliza- 


Wager 
units of 
such as 1 


tion. Such rhythmic changes in water pressure 
may be realized in relatively shallow intrusions 
but are more difficult to justify in deep-seated j3. 44 6 
bodies. The work of Yoder and Tilley (1956; powers : 
1957) and Boyd (1956) indicates that basaltic supercoc 
magmas cannot have much water or crystallize nycleatic 
at high water pressures, or else plagioclase-irhythmi: 
hornblende would form instead of plagioclase- (1959) 
pyroxene-(olivine). The mechanism of varying criteria { 
water pressures in crystallizing magmas isknow hc 
therefore believed more likely to account fortinguish¢ 
rhythmic layering in silicic igneous rocks than/ayering. 
in mafic igneous rocks containing predominan 


Powers 
experime 





plagioclase-pyroxene. However, layering such 
-from}as type A in the hornblende metagabbro of 
Willow Lake may well be due to varying water 
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of nucleation coincides with the mineral se- 
quence in known types of rhythmic units. 


The various mechanisms for rhythmic layer- 








| pressure. ing outlined heretofore require that the crystal- 
| 
== PLAGIOCLASE 
3 
~~ 
° 
& 
100. 30 
100. 40 
100. 47 
100. 45 , 
Total 
100. 30| 
100. 40) 
100.46 
100. 44 
AUGITE OLIVINE 
LEGEND 
roe —— Calcic plagiociase-magnesian olivine boundary constructed 
from rock analyses 
—-—-— Phase boundaries for the system Fo-An-Di, after Osborn 
and Tait (1952) 
©! Four basalts (see Table 4) 
@o Glassy basalt, Kilauea (Washington, 1923, p. 342, no. 3) 
7 oe mb,c Skaergaard second liquid and initial magma (Wager 
and Deer, 1939, p. 22!) 
olcano o Willow Lake, Badger Butte, and Black Bear rocks (see Table 2) 
+S Stillwater complex, calculated original magma (Hess, 1960) 
lands, 4B Bushveld complex, average norite (Hall, 1932, p. 304) 
Figure 13.—NorMATIVE PLAGIOCLASE-OLIVINE-D10PSIDE DIAGRAM 
Wager (1959) has suggested that large layered _lizing magma be in close proximity of the four- 
essure.. é Weg é Le 
>“ units of the order of 100 feet thick in plutons _ phase curve for augite, olivine or orthopyroxene, 
310n ° —* © re 
usIONS «ich as the Bushveld complex and those on the _ and plagioclase. This is not the case at Willow 
seated ijand of Rhum may be formed by different Lake where rocks formed after the banded rocks 


( ”» powers of crystal nucleation from a somewhat 
asaltic supercooled magma. Different powers of crystal 
tallize nucleation may be a contributing factor in the 
clase-irhvthmic layering of plutons cited by Wager 
yclase- (1959) although it is difficult to determine 
arying criteria for this process and the writers do not 
as isknow how layering of this type can be dis- 
nt fortinguished readily from other types of rhythmic 
; thanlayering. Wager (1959, p. 79) suggested that 
Powers of nucleation should be investigated 


ninan : : 
experimentally to determine whether the order 


are well within the plagioclase field and un- 
usually remote from both the plagioclase- 
augite and the plagioclase-olivine boundary. 
Other differences between the Willow Lake 
banded rocks (type B) and banded rocks in 
other mafic intrusions are: 

(1) There are no chilled contacts in the Willow 
Lake pluton. At some contacts there is normal 
metagabbro; at others the banded rocks are 
directly in contact with country rocks. 

(2) There is no coarse banding in the Willow 
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Lake banded rocks; a band 1 foot thick is 
unusual, and most bands are one-quarter of 
an inch or less thick. 

(3) The banded rocks of the Willow Lake 
intrusion are inclined at high angles, 50°-90° in 
the main funnel and 45°-80° in the western 
extension. 

(4) Elongated minerals in the banded rocks 
of the Willow Lake intrusion generally have 
their longer axes at high angles (60°-90°) to 
the plane of banding. Those that have their 
longer axes in the plane of banding show dis- 
placements of twin composition planes along 
microfaults which are at high angles to the 
plane of banding. 

(5) Minerals in the Willow Lake banded 
rocks commonly have elongated, curved, 
branching, or feathery forms, indicating growth 
in directions at high angles to the plane of 
banding. 

(6) In Willow Lake banded units the fer- 
romagnesian minerals show repeated and abrupt 
changes down the reaction series, from rare 
spinel and olivine to more common ortho- 
pyroxene, augite, and primary hornblende. 
Plagioclase shows rare changes in the most 
calcic compositions and more common changes 
in the most sodic compositions but generally 
tends to remain the same in individual banded 
sequences. 

(7) Between one banded sequence and the 
next in the Willow Lake intrusion, plagioclase 
may show extreme contrasts in composition. 
The over-all range in plagioclase composition 
in the banded rocks is from Angs to Ang. 

(8) Xenoliths are commonly surrounded by 
banded rocks in the Willow Lake intrusion. 
Plagioclase in these banded rocks tends to be 
roughly of the same composition in any one 
locality but shows great contrasts in composi- 
tion from one locality to the next. 

(9) The Willow Lake banded’ sequences are 
discontinuous, commonly brecciated and frag- 
mented. 

(10) Autoliths of banded rocks in the Willow 
Lake intrusion may in turn be surrounded by 
banded rocks. 

(11) Intrusions with banded rocks of the 
Willow Lake type found so far are all of small 
size, down to dikelets a foot or less in width, 
but all have steeply inclined contacts. 

(12) Although uncommon, such intrusions 
are widespread, invariably associated with 
batholiths, and emplaced in country rocks 
regionally in the epizone (greenschist facies) of 
metamorphism. 


{ 


{ 

It should be clear that the banded rocks) crystallizat 
(type B) of Willow Lake are quite different] The initial 
from the layered rocks described from other) gioclase fie 
mafic plutons. They fall in the category of crystallizat 
Wager’s (1953, p. 336) broadly defined rhyth- 
mically layered rocks but show striking dif- 
ferences with the layered rocks from the, 
Skaergaard, even the small-scale layered rocks 
found in the middle of the ferrogabbros of the 
Skaergaard intrusion. Accordingly, the writers 
propose a subdivision of rhythmically layered 
rocks into those of Skaergaard type and those 
of Willow Lake type (c.f., Poldervaart and 
Taubeneck, 1959). Willow Lake-type layered , 
rocks clearly do not originate through any 
type of gravity stratification such as proposed 
by Wager and Deer (1939) for the Skaergaard 
intrusion and by Hess (1960) for the Still- 
water complex. Nor do the writers believe that 
the mechanism suggested by Yoder (1954) 
adequately explains the phenomena shown in 
the Willow Lake intrusion. 1 


— 


TEMPERATURE —>= 





Willow Lake-T ype Layered Rocks ‘ Fir 
The writers suggest that rhythmically layered 4, ness 
rocks of Willow Lake type originate through eutectic con 
undercooling combined with intermittent con- 
vective and turbulent currents in the magma. sy]ted in t 
In older publications (Harker, 1909, p. 211- gressively « 
214), undercooling is discussed in some detail, tion of the 
but in recent textbooks it is generally ignored. nearly at 1 
Figures 14A and 14B show the effects of under- highly elon 
cooling in a simple eutectic system X-Y which forms of t 
for this discussion will represent anorthite- fp9m unus 
diopside. The diagrams indicate that under- surfaces, su 
cooling can produce alternative crystallization, Dikes shor 
and hence layering, of diopside and anorthite. rapid crys 
Melts near the eutectic point and in the’ significant] 
anorthite field (Fig. 14B) can commence branching, 
crystallization with diopside, thereby being most striki 
enriched in anorthite. Undercooling can be  fnitial 1 
maintained by currents in the magma which jntrusion a) 
sweep new portions of the magma past the site of the orig 
of crystallization, each new portion in its ment of thi 
turn becoming undercooled. Undercooling re-'were stope 
sults in very rapid crystallization; crystals tend intrusion, : 
to be highly elongated, commonly have curved repeated 
and branching forms, and grow at right angles exposed to 
to the cool surface (Miers, 1907, p. 128-129; through tc 
Eitel, 1954, p. 580-583). Temperatures remain south, and 
constant or may even rise locally. The writers the new 
believe that banded units which show progres-! conditions 
sive changes in ferromagnesian minerals have were achi 
resulted from undercooling of the same portion of the cor 
of the magma which experienced rapid in-and each - 
crease in water pressure owing to accelerated of one or : 
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thoughout part of the intrusion. Eventually 
undercooling ceased and the remaining magma, 
now well in the plagioclase field, crystallized; 
a regular system of convection currents pro- 
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4 FicureE 14.—D1AGRAMS SHOWING EFFECTS OF UNDERCOOLING IN A EvTEcTIC SYSTEM 
re A, undercooling in a melt removed from the eutectic composition. B, undercooling in a melt near the 


igh eutectic composition. 

on- 

Na. sulted in the residual magmas becoming pro- 
A- gressively enriched in plagioclase. The orienta- 
ul, tion of the crystals with their longer dimensions 
ed. nearly at right angles to the banding and the 
cr- highly elongated, curved, branching or feathery 
ich forms of the crystals can have resulted only 
te- from unusually rapid crystallization on cool 
€t- surfaces, such as would occur with undercooling. 
1, Dikes should be especially favored sites for 
te. rapid crystallization on cool surfaces, and 
he significantly the highly elongated, curved, 
1c€ branching, or feathery forms of the crystals are 
NM most strikingly developed in the banded dikes. 
be [nitial undercooling in the Willow Lake 
ch intrusion apparently occurred along the margins 
ite of the original funnel. Shortly after emplace- 
ItS ment of the magma, the large eastern xenoliths 
re-'were stoped from the roof and walls of the 
n¢ intrusion, and undercooling was continued or 
eC repeated against the fresh surfaces thereby 
les exposed to the magma. Later, the magma broke 
29; through to the west and finally also to the 
110 south, and again there was undercooling against 
€lS\the new contacts with the magma. Thus 
€S-'conditions which brought about undercooling 
'V€ were achieved repeatedly throughout much 
ON of the consolidation history of the magma, 
IN-and each time a banded sequence consisting 
€ of one or several units was formed locally or 


duced the normal rhythmically layered met- 
anorite and metagabbro with broad bands 
(Skaergaard type), and after convection ceased, 
the nonlayered mafic rocks of the Willow Lake 
intrusion formed. 

Lacking experimental results, the writers 
cannot evaluate the results of undercooling in 
as much detail as is desirable. However, it is 
possible to speculate on the conditions which 
brought about undercooling, in an attempt to 
understand the geologic environment in which 
mafic intrusions with Willow Lake-type layered 
rocks may be encountered. Although layered 
rocks of this type are not common, they are 
apparently widespread, as they have now been 
found in many localities in Oregon and Califor- 
nia. It is surprising that there appears to be no 
previous record of their occurrence in this 
region. 

If the writers are correct in their interpreta- 
tion of the origin of Willow Lake-type layered 
rocks as due to undercooling, combined with 
vigorous currents in the magma and with 
attendant rapid crystallization from cool sur- 
faces inward, certain conclusions follow. Con- 
ditions favorable to the maintenance of under- 
cooling for reasonable periods include adequate 
heat flow away from the sites of crystalliza- 
tion. Steep contacts would be more favorable 
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than contacts inclined at low angles, hence 
layered rocks of Willow Lake type may be 
expected in dikes and funnel-shaped intrusions 
(ethmoliths), rather than in sills or sheets. 
Undercooling cannot be attributed solely to 
shallow depths, as lavas and near-surface 
basaltic intrusions normally do not show 
layering of this type. Vigorous heat flow in the 
country rocks cannot be due to unique thermal 
properties of special types of country rocks, 
since sufficient data have accumulated (Birch, 
Schairer, and Spicer, 1942, p. 235-236, 251- 
258) to indicate a rather limited range for 
most rocks of such thermal properties as heat 
capacity, conductivity, and diffusivity. How- 
ever, vigorous heat flow can result if water 
migrates through wet country rocks, and 
relatively rapid migration of water through 
country rocks may be expected during meta- 
morphism of greenschist facies. The writers 
therefore suggest that Willow Lake-type layered 
rocks may be expected in epizonal metamor- 
phic regions, in steep-walled mafic intrusions, 
which were emplaced near the close of the 
regional metamorphic cycle. The common 
association of such intrusions with batholiths 
is interpreted as due to the batholithic magma 
or “migma-magma” (Read, 1957, p. 308-309) 
following the same preferred paths as the 
earlier basaltic magma (Taubeneck, 1957a, 
p. 234-236), rather than as resulting from 
a direct genetic relationship between these 
magmas (c.f. Nockolds and Allen, 1953, p. 
106). 


Criteria for Gravity Stratification 


Buddington (1936, p. 348) states that the 
term gravity stratification 


. . . does not necessarily imply that the stratifica- 
tion is the result, in place, of the settling and sorting 
of crystals or of the settling and rise of liquids of 
different densities under the influence of gravity, 
but only that in a broad way the distribution of the 
several rock facies is in accord with their specific 
gravity... 3: 


The writers consider that the term should 
be used only if one intends to imply that the 
stratification has been produced under the 
influence of gravity; in all other cases a dif- 
ferent term (e.g., density stratification) should 
be used. 

Density stratification may be manifest in 
cryptic layering or in rhythmic layering. In 
the former case, it may result from processes 
acting under the influence of gravity or from 





fractional crystallization from the contacts rystals 
inward (Hess, 1956, p. 450). Density stratifica- 1928, 
tion in rhythmically layered rocks and resulting} .imilat 
differences between tops and bottoms offpan th 
individual bands have been attributed generally 
to gravitative processes. Willow Lake banded 
sequences, especially type (3) banded rocks,, 
commonly show the same features; in this| 
case they are attributed to undercooling (Fig. 
14B) atid are certainly not produced by the 
influence of gravity. The present observations 
therefore suggest that caution should be used 
in the application of criteria for gravity stratifi- 
cation in rhythmically layered rocks. The 
observed density stratification may result from; 
gravitative processes and doubtless commonly 
does result from these processes, but the 
same features of density stratification may be 
produced by undercooling of a magma near a 
univariant condition. 





Penecontemporancous Deformation 


| 
Several writers (e.g., Eitel, 1954, p. 117-118), 
have noted the sharp increase in viscosity of 
melts at the onset of crystallization. Currents 
in a magma which becomes undercooled‘ 
against cool surfaces representing previous 
sites of crystallization are certain to exert a 
powerful drag on the crystal mush. Théaturate 
deformation effects and the conjugate sheargnd in tl 
noted in the Willow Lake banded rocks — 
here interpreted as resulting from these stresseshave th 
Especially relevant to the penecontemporaneoushere is 
origin of these features is the fact that acrossrystal n 
folds in the banded rocks the crystals remainost by 
oriented with their longer dimensions at highteplenist 
angles to the banding, and the set of conjugatelhe crys 
shears also maintains the same attitudes withlerstitial 


respect to the banding (Fig. 15). priginal 
early m 

Diffusion in the Interstitial Melt m the | 
btillwate 


Hess deserves credit for his brilliant exposifusion fr 
tions (1939, p. 431; 1960) of the importance offontinue 
diffusion in the interstitial liquid remainingiccumul: 
in crystal mushes formed by progressivénush co! 
crystallization from contacts inward, or byng crys! 
gravitative accumulation of crystals. Rouglmore mi 
experiments indicate that the interstitial melthe typi 
may amount to 40-60 per cent or more of thén picrite 
crystal mush. If there is no diffusion, thé In the 
interstitial melt will react with the surroundingntrusion 
that pro 





‘Local undercooling at particular surface docgcely 
not mean that the magma as a whole is under!Villow 
cooled. 


yery ne 





ontactstrystals according to the principles Bowen 
atifica-i928, p. 197-201) set forth to explain the 
sulting) <similation of igneous xenoliths more mafic 


ms Offhan the phases with which the magma is 
nerally 


banded 
rocks, , 
in this| 
g (Fig. 
by the 
vations 
ye used 
stratifi- 
s. The 
It from; 
amonly 
ut the 
nay be 
near a 
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this type of crystallization in the super- 
saturation region the interstitial melt is at a 
minimum and may constitute only 30 per 
cent, perhaps even less, of the crystal mush. 








| 
7-118), 
sity of 0 
urrents 
cooled‘ 
revious 
exert a 
.. Théaturated. The various reactions are exothermic, 
sheargnd in the case of a melt in the interstices of a 
ks ge framework the solid phases already 
tresseshave the same temperature as the melt. If 
aneoughere is diffusion between interstitial melt in a 
acrossrystal mush and overlying magma, constituents 
remainost by reactions with the solid phases are 
it highteplenished by diffusion from the magma. Hence 
ijugatelhe crystals grow by reactions with the in- 
»5 withlerstitial melt and maintain very nearly their 
priginal compositions. This may result in 
nearly monomineralic rocks such as are observed 
in the layered sequences of the Skaergaard, 
Stillwater, and Bushveld plutons. When dif- 
exposidusion from the magma becomes inhibited by 
ance offontinued crystallization or gravitative crystal 
jainingiccumulation, the residual melt in the crystal 
ressivénush completes its reactions with the surround- 
or byng crystals and finally crystallizes as one or 
Rouglmore minerals late in the reaction series (¢.g., 
il melthe typical reddish-brown biotite so common 
of thén picrites). 
n, the In the banded sequences of the Willow Lake 
undingntrusion, crystallization was probably rapid, so 
that prolonged diffusion from the magma is 
.e doegnitkely. Nevertheless, the thin layers of the 
underWillow Lake banded rocks are generally 
yery nearly monomineralic. Probably with 


1 
10 cm 


Ficure 15.—SKETCH OF A SPECIMEN SHOWING SMALL FoLp in WiLLow LAKE-TyPE 
LAYERED Rock 
Note direction of shear planes in part of the fold. 


With rhythmic banding of plagioclase and 
pyroxene, it is likely that there was diffusion 
between the interstitial melts of successive 
bands, enabling plagioclase in a plagioclase 
band to continue growth at the same time as 
pyroxene continued to grow in an adjacent 
pyroxene band. This process seems to have been 
efficient enough to produce nearly mono- 
mineralic bands. The former existence of an 
interstitial melt is betrayed, for example, by 
the presence of accessory augite and biotite 
in the orthopyroxene bands. 


Comparable Examples 


Willow Lake-type layered rocks are in- 
terpreted to represent products of severe 
undercooling, resulting from somewhat special- 
ized and unusual conditions. This study has 
focused on the importance of undercooling in 
magmatic crystallization, and the question is 
justified whether slight to moderate undercool- 
ing may not have occurred locally in intrusions 
in which the effects but not the process have 
been recognized. 

The perpendicular feldspar rock of the 
Skaergaard intrusion (Wager and Deer, 1939, 
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p. 144-150) immediately comes to mind. The 
rock occurs as “reefs’’, 10-100 cm wide, set 
parallel to the outer contact of the intrusion. 
It consists of highly elongated, gently curved, 
and commonly branching plagioclase crystals, 
3-5 cm long and averaging 0.2 cm in diameter, 
set with their length roughly perpendicular to 
the contact. The plagioclase is slightly zoned, 
and zoning® is oscillatory; the composition is 
more calcic than that of the plagioclase of the 
chilled-border phase. Between the long plagio- 
clase laths, the interstitial material is fine- 
grained olivine gabbro. Wager and Deer 
(1939, p. 147-150, 281) attribute the origin 
of the rock to continued growth of crystals 
perpendicular to cool surfaces, rendered possible 
by convection currents. The present writers 
have little doubt that the rock was produced 
by moderate undercooling, combined with 
periodic convective overturn of the magma. 
The initial Skaergaard magma was not far 
removed from the olivine-plagioclase three- 
phase boundary (Fig. 13), and moderate 
undercooling (Fig. 14A) would result in rapid 
crystallization of plagioclase and formation of a 
single reef of perpendicular feldspar rock. 
When undercooling ceased, normal olivine 
gabbro would crystallize as a network of 
plagioclase and olivine formed along the three- 
phase boundary, and interstitial residual magma 
would subsequently crystallize to plagioclase, 
olivine, and pyroxene. Convective overturn 
would bring a new portion of the magma in 
contact with the cool surface, and undercooling 
would be repeated with the formation of a 
second reef of perpendicular feldspar rock. 
Wager and Deer (1939, p. 144) state that two to 
three such reefs may be found in the border 
group at distances of 15-30 m from the outer 
contact. The periodic convective overturn 
of the magma indicated by the reefs of per- 
pendicular feldspar rock may well mark the 
initial phases of the regular system of convec- 


5 It has not been possible to study the zoning of 
plagioclase in the banded rocks of Willow Lake 
because of strong deformation of the crystals. How- 
ever, refractive-index determinations in crushed- 
rock samples indicate that zoning is not pronounced, 
the maximum variation of An content observed in 
single crushes being less than 10 per cent. Zoning in 
plagioclase formed by undercooling and _ rapid 
crystallization may well be complex as a result of 
temperature fluctuations, and reversed or oscillatory 
zoning may occur in response to local elevations of 
temperature. At Willow Lake, heat flow seems to 
have been adequate to maintain approximately 
constant temperatures during crystallization in the 
supersaturated region. 


tion currents which apparently prevailed j 
the Skaergaard magma during formation 
the layered rocks. 

In the peridotites of the layered ultramaf 
rocks of the island of Rhum, and especially j 
the Harris area, Brown (1956, p. 10) and Wag 
and Brown (1951, p. 166-167) have note 
alternations of normal peridotite with layey 
averaging 1 foot thick, of peridotite in whid 
highly elongated, curved, and commonli 
branching olivines are associated with plagia 
clase. This striking feature is called “harrisit 
structure” by Brown, who interprets thi 
structure as having developed during period, 
of nondeposition, through upward growth of tl) 
olivines. The present writers believe thé 
harrisite structures are due to moderate unde} 
cooling associated with repeated convectiv 
overturn in the magma. The layers of norm 
peridotite mark the cessation of each period 4 
undercooling of a new portion of the magni 
against the cool surface of previously form 
crystals. Finally, the so-called feather ail 
of the Sudbury pluton (Bain, 1926a, p. 113 
114; 1926b, p. 286-287) may well be anoth} 
example of crystallization in the supersati 
rated (metastable) region. 

Thus there are reasons to believe that le 
extreme undercooling may have occurred ait 
and intermittently in the Skaergaard, Sudbu 
and Rhum intrusions. 
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ANALYSIS OF PLEISTOCENE CORE FROM GREAT SALT LAKE, UTAH 


By A. J. EARDLEY AND VASyL GvOSDETSKY 


ABSTRACT 


A continuous core was taken to a depth of 650 feet on the shore of Great Salt Lake, 1 
mile north-northeast of the Saltair resort, about halfway between the Oquirrh Mountains 
and Antelope Island, Utah. Its contents and properties were examined and analyzed for 
the Pleistocene record of lakes and climatic changes. Of significance in the interpretation 
were Ca and Mg carbonates, clay minerals, sand fractions, volcanic ashes, soils, radio- 
activity, laminations, odlites and fecal pellets, ostracodes, me!lusks, and C¥ dates. By 
integrating the several climatic indicators and other data the following conclusions were 
reached. 

(1) The core probably penetrated sediments deposited during the Wisconsin, Sanga- 
mon, Illinoian, Yarmouth, Kansan, and part of the Aftonian ages of the Pleistocene. The 
several times of soil formation represent hiatuses in the sedimentary record, but they 
were probably short. 

(2) The Pleistocene is calculated from the Saltair core to be about 800,000 years 
long, whereas the deep-sea cores, according to Emiliani, indicate a length of 300,000 years. 
The rhythms of solar radiation, according to Milankovitch and Zeuner, indicate a length 
of 600,000 years. The Saltair core age seems as substantial as any, yet it is very tenuous 
and is posted simply for future consideration. 

(3) No relation of the pluvial stages of the core to the Lake Bonneville beaches could 
be established. 

(4) Little firm evidence correlates the pluvial stages of the core with Rocky Mountain 
glacial stages. 

(5) The Pearlette tuff at 548 feet is a significant time marker and according to the 
succession of lakes recognized in the core is early Kansan. 

(6) Five strong pluvial cycles are recognized, and these correlate well with the Lower 
Mississippi Valley chronology. 
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INTRODUCTION 
Location 


The site of the coring operation is 1 mile 
north-northeast of the Saltair resort on the 
shore of Great Salt Lake, about 18 miles due 
west of the center of Salt Lake City. It is lo- 
cated in the southeast corner of sec. 24, T. 1 N., 
R. 3 W., just beyond the “meander” line on 
the mud flats of the lake. The elevation of the 
core site is 4205 feet. At the time of the coring 
operation the water line lay about 1 mile to 
the west. The writers selected the site close to 
water in the hope that sedimentation had been 
fairly continuous there. The site is also as far 
from bedrock outcrop as possible in order to 
avoid coarse sediments. It is 5 miles from the 
north end of the Oquirrh Range and 5 miles 
from the south end of Antelope Island. The 
Wasatch Range, from which most of the drain- 
age comes, lies 15-20 miles to the east. 


Objectives 


The Great Salt Lake basin appears to have 
received sediments almost continuously during 
Quaternary time. A continuous core, if properly 
interpreted, might reveal a valuable chronology 
of events during these times; however, the core 
penetrated beds believed to be as old as the 
Aftonian interglacial but not the entire Pleisto- 
cene. 

A second objective was the unravelling of the 
Bonneville Lake story; what beaches or lake 
levels correspond to what lake-bottom deposits? 
The relative age of any bed in a succession of 
sediments is fixed, and if groups of beds in the 
lake-bottom succession can be tied to the several 
beach deposits, then the succession of lake 
levels can be determined. 

The writers also hoped to find significant 
information on diagenetic processes in the cal- 
careous clays upon burial and_ progressive 
loading. 


Coring Method 


A special rotary bit and core barrel were de- 
signed and built by Christensen Diamond 
Products Company of Salt Lake City for the 
coring of the soft clays. An inner barrel, which 
receives the core (1% inches in diameter), 
hangs free of rotation of the outer barrel. The 
outer barrel is mounted on a bit with coarse 
tungsten steel teeth, and the drilling mud cir- 
culates between the outer and inner barrels. 


EARDLEY AND GVOSDETSKY—CORE FROM GREAT SALT LAKE, UTAH 


The core-barrel and drill-stem sections are 10 
feet long. Core was taken systematically at 10- 





foot intervals; probably better core recovery 


would have been attained if the interval had | 


been 5 feet, but high cost prevented this pro- 


cedure. Loose sands were not held in the barrel | 


but were caught on a screen from the drilling 


mud. Actual cores obtained ranged from 1 foot | 


to 914 feet. The writers believe that most of the | 
partial cores came from the top of the cored in- 
terval (Pl. 1). Some of the cores were probably 


compressed and represent a longer interval than | 


they measured. 

The cores were wrapped in aluminum foil and 
stored in core boxes, now deposited in the Oil | 
Well Sample Library of the Utah Geological | 
and Mineralogical Survey, Mines Building, 
University of Utah. 


Acknowledgments 


Mollusk and ostracode specimens were picked | 
and screened from numerous beds in the core. 
The clams and snails were submitted to 
Dwight W. Taylor of the U. S. Geological Sur- 
vey and the ostracodes to Daniel J. Jones of 
the Department of Geology, University of 
Utah. Their reports on the environmental and 
time significance of the fossils form an impor- 
tant basis for the interpretation of the core. 

The clay-mineral composition (kaolinite, 
illite, and montmorillonite) was determined by 
Georges Kulbicki, then at the University of 
Illinois, under the direction of Drs. Ralph E. 
Grim and Albert Carozzi. Samples had been 
picked for every important lithic change that 


was recognized megascopically and were run | 


for calcium and magnesium carbonate, clay 
minerals, and sand fraction. Samples chosen for 
these analyses numbered 215. Except for those 
in which clay minerals were scarce, Kulbicki 
ran X-ray determinations systematically on 
all. The interpretations of Kulbicki were 
checked by Grim. 


Howard A. Powers of the U. S. Geological 


Survey examined volcanic-ash samples as part 
of an extended regional study and recognized 
the significant Pearlette tuff in one of them. 
The Pearlette tuff is the best time marker in the 
lower part of the core. 

A radioactivity log of the hole from which | 
the core had been taken was run by Lloyd W. 
Crabill of Shell Oil Company. The service was 
arranged through the Salt Lake City division 
office. 

A grant from the Penrose Bequest of The 
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INTRODUCTION 


Geological Society of America defrayed the 
cost of coring, and a grant from the Research 
Fund of the University of Utah helped in taking 
care of the core at the coring site and in further 
laboratory analyses. 

For all the above help the writers are ex- 
tremely grateful. 

Robert C. Bright is making a study of the 
pollen of the core at the University of Minne- 
sota and will publish separately on his findings. 


CARBONATE ANALYSIS 


Gvosdetsky ran the calcium and magnesium 
carbonate analyses, using the versenate method 
(Hill and Runnels, 1960) (Fig. 1). All the fine 
sediments contain appreciable carbonate, which 
ranges from 7 to 38 per cent by weight. The 
sands, particularly the coarse sands, are low in 
carbonate. The fine sediments (called clays be- 
cause of their smoothness and general plasticity) 
are fairly uniform in total carbonate and 
average 22 per cent, with only about 5 per cent 
deviation. 

Magnesium carbonate is fairly uniform in the 
plastic sediments at about 5 per cent. A high 
of 9.5 per cent and a low of about 2 per cent 
were noted in the typical clays. 

In the analyses of cores from the center of 
Great Salt Lake Joseph F. Schreiber, Jr. (1957, 
Ph.D. thesis, University of Utah), noted an 
over-all average carbonate content of about 30 
per cent. The clays from the lake bottom down 
to 18 feet (in core 4) average 42 per cent, those 
from 18 to 28 feet average 22 per cent, and 
those from 28 to 44 feet, the bottom of the core, 
average 11 per cent. No such perceptible 
changes or interval differences were noted in all 
the 650 feet of the Saltair core. A conspicuous 
uniformity in carbonate content was found in 
the Saltair core. Of 200 clay samples only 33 
contained more than 30 per cent carbonate and 
10 less than 15 per cent; these high and low 
samples apparently are not grouped in any 


’ meaningful way. The low carbonate clays would 


have been interpreted as deep-water deposits, 
and the high carbonate clays as shallow, saline- 
water deposits; however, in the modern clays 
from the center of Great Salt Lake the low 
carbonate content does not match other char- 
acteristics. The unit recognized as a deep, fresh- 
water deposit is low in sand; most of it is black 
and has a fetid odor, but the upper half aver- 
ages 30 per cent carbonate and the lower half 
11 per cent. 

Thus, high carbonate content in itself can- 
not be taken as an indication of a shallow 
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saline environment, and low carbonate content 
cannot be taken as an indication of open or 
deep fresh-water environment. All other avail- 
able characters must be considered. 

Carbonate deposited in highly saline water 
was judged from the center lake cores to be 
higher in magnesium than that in fresh water, 
but again the magnesium-calcium ratio in the 
Saltair core is fairly constant and variations 
apparently meaningless. 

In certain lithified calcareous lutites migra- 
tion and segregation of the carbonate minerals 
to form separate, fairly pure interlayers as a 
diagenetic process has been described (Sujkow- 
ski, 1958, p. 2707), but evidence of this could 
not be detected in the Saltair core. Silica has 
also been presumed to have separated out of 
certain lutites to form chert nodules. No 
semblance of such activity was observed in the 
core. 

Clay minerals, if present in appreciable 
amounts, are thought to stabilize or retard 
diagenetic changes (Sujkowski, 1958, p. 2709). 
This is especially true of kaolinite. Illite and 
montmorillonite are chemically less stable; 
montmorillonite, especially, easily absorbs cal- 
cium and magnesium. 


CrLAy-MINERAL ANALYSIS 


Georges Kulbicki prepared the X-ray-powder 
diagrams and made the computations on the 
clay minerals of the Saltair core at the Univer- 
sity of Illinois under the direction of Drs. Ralph 
E. Grim and Albert Carozzi. The results are 
shown in Figure 1. Besides dolomite and calcite 
(Fig. 1, carbonate analyses), the detrital min- 
erals present are quartz, micas, amphiboles, 
feldspars. Many specimens contain NaCl, but 
it might come from drilling muds. 

After the writers had studied the analyses of 
Kulbicki and had attempted without coherent 
results to interpret them in terms of deposi- 
tional environment and climatic significance, 
Grim restudied the computations of Kulbicki. 
He concluded that not enough emphasis had 
been placed on the effect of amorphous or 
poorly organized material. The latter should 
be added to the montmorillonite and not to the 
illite. The recomputed values are shown by the 


‘ bold lines on Figure 1. Grim notes that the 


stock fluctuates around 20 per cent kaolinite, 45 
per cent illite, and 35 per cent montmorillonite 
except for the beds made up entirely or partly 
of volcanic ash in which montmorillonite is high. 

The attempt made to interpret the meaning 
of the variations in the proportions of the clay 
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Carbonates minerals !f:!4#:!: traction 





FicurE 1.—Loc oF PuysicaL PRopeRTIES OF SALTAIR CORE 
Carbonates—per cent by weight of whole sample. Clay minerals—per cent of total clay fraction. Sand 
fraction—per cent by weight of whole sample. The above analyses may be compared with a lithic log of 
the Saltair core shown in Plate 1. 
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minerals was based on a consideration of the 
clay minerals in soils of alternating cold moist 
and warm arid climates and on the diagenetic 
effect of saline waters on the clay minerals. A 
lag of the sedimentary cycle behind the climatic, 
soil-forming cycle was also considered. High 
illite or high montmorillonite could be worked 
out academically, but the relation of the clay 
minerals to the lake cycles deduced from 10 
other criteria seemed almost completely ir- 
regular and therefore meaningless. The writers 
concluded that it is not safe to interpret fresh 
and saline environments from the clay minerals 
present. 


SAND-FRACTION ANALYSIS 


After the carbonates were dissolved out with 
hydrochloric acid, the sands were screened and 
fractions weighed. Only total sand is shown in 
the log of Figure 1. Particles larger than coarse 
sand are noted as granules on the log. 

Since the coarsest sands were not obtained in 
cores but from the drilling mud (except one 
sample at a depth of 48 feet, 5 inches), the 
amount of fine particles is not known. The bit 
may have ground through gravels and broken 
them down to granule size, but the semi- 
rounded nature of the granules indicates that 
they represent the coarsest particles in the sand. 
If pebbles up to 1 inch in length were present 
some would have been carried to the surface in 
the drilling mud. 

At first the coarse sands were thought to 
represent fluviatile or shore-line deposits, and 
hence low lake levels, but as seen in Plate 1 the 
interpretation does not match other environ- 
mental criteria. The sands were deposited on 
calcareous clay deposits of a saline shallow lake, 
yet none of them is interpreted as having 
formed during a deep lake stage because the 
other environmental indicators seem to pre- 
clude this condition. They fit best in the en- 
vironment of an open but shallow lake which is 
rising from a previous low saline condition. 
Thus, they are regarded as density-current 
deposits. 


VoLcANic ASHES 


Several beds of tuff are present in the core. 
Samples of four of these were sent to Howard 
A. Powers of the U. S. Geological Survey, who 
has been studying the volcanic ash units of the 
western states. He reports (Personal communi- 
cation): 
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“The bed of silicic ash (sample 179, depths 546 | 


to 548) is made up of two layers of angular shards, 
separated by a thin layer of subrounded shards and 
clastic grains of other material. This is interpreted 
to be two falls of ash separated by material washed 
in from the shores of the lake. The lower layer of ash 
contains a small number of phenocrysts of heavy 
minerals: ferroaugite more abundant than chev- 
kinite, ilmenite, magnetite, pink zircon, colorless 
zircon, and red-brown hornblende. The upper layer 
of ash contains three kinds of hornblende, red- 
brown, green-brown,.and light gieen, together more 
abundant than chevkinite, ilmenite, magnetite, 
colorless zircon, and ferroaugite. 

“These two layers of ash both differ, in chemical 
composition and in the assemblage of heavy mineral 
phenocrysts, from samples 210 (636 ft. depth) and 
212 (646 ft. depth) of the Saltair core as well as 
from samples of a dozen other different ash beds of 
Quaternary age that I have studied. However, grab 
samples of ash from the following localities are very 
similar in chemical composition and identical in 
phenocryst mineral assemblage to either, or a mix- 
ture, of the two layers: the type Pearlette ash 
associated with fossils of the Cudahy local fauna 
from Meade, Russell, and Lincoln counties, Kansas, 
and Roberts County, Texas; an ash in the middle 
one of three pre-Wisconsin terrace deposits in the 
LaSal Mountains, Utah (personal communication, 
G. M. Richmond); and ash from terrace deposits 
of Pleistocene age from several localities in Colorado, 
Nebraska, Wyoming, and Nevada. Chemical data 
are given in Table 1 for four samples from the core 
and from three other ash beds. 

“Evaluation of the data from several hundred 
samples convinces me that the ash at 546 feet depth 
in the Saltair core is the Pearlette ash of Kansas 
and can be used to mark a horizon in geologic 
time, though we have at present a scanty back- 
ground of experience for such judgment. 

“The Pearlette ash is dated as of Kansan age at 
its type locality (Hibbard 1958), but it has been 
dated as of Yarmouthian age in Nebraska (Schultz 
and Tanner 1957).” 


The Pearlette tuff in the Saltair core marks a 
lower time datum. As seen in Plate 1, the 
Pearlette tuff occurs about a quarter of the 
wav up in a major lake stage, which because of 
the tuff must be recognized as Kansan. The 
tuff is thus considerably older than the Yar- 
mouth interglacial, if the present interpretation 
is correct, and thus a reconsideration of the 
terrace deposits of Kansas and Nebraska from 
which a Yarmouth age has been suggested, 
may be worthwhile. (See also Schultz, Luening- 
hoener, and Frankforter, 1951; Hibbard, 1958.) 


CoLoR 


Units range from light gray to gray green, 
light green, light pink, tan, tannish gray, 
tannish brown, and _ reddish brown. The 
Pearlette tuff is chalk white, and some of the 
clay layers are dark gray and nearly black. 
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TABLE 1.—ANALYSES OF TUFFS 
Analyses of Saltair core tufis, type Pearlette tuff, LaSal ash, and Hagerman ash. Standard rock analyses 
by P. Montalto (1) and D. F. Powers (2). Spectrographic analyses by P. R. Barnett. Underlined figures 
represent values believed significant. All analyses of cleaned glass shards after phenocrysts and detrital 
grains had been removed. Table supplied by and published with the permission of Howard A. Powers, 


U. S. Geological Survey 









































1 2 3 4 5 | 6 7 
Field no| Core 212 | Core 210 | Core 179 |Core 179c | 57-P-12 ‘50-61 A |55-P-183 
Lab no E 1820 E 1819 D 1764 E 2216 D 1758 hea 1886 E 1810 
STANDARD ROCK ANALYSES 
sio, |(73.58 [73.61 (272.78 (2272.46 (272.58 (72.63 “60.82 
A1,0, 11.79 11.81 11.80 11.79 11.86 11.71 12.49 
Tid, 0.07 0.07 0.12 0.13 0.12 0.12 0.12 
Fe20, 0.31 0.34 0.57 0.84 0.64 0.56 0.77 
FeO 0.38 0.38 0.93 0.73 0.88 0.90 1.10 
MnO 0.04 0.04 0.04 0.04 0.04 0.04 0.05 
MgO 0.17 0.11 0.11 0.35 0.15 0.17 0.13 
CaO 0.74 0.60 0.51 0.65 0.59 0.67 0.59 
Na,0 3-37 3.43 3.31 3.24 2.99 3.00 2.32 
K,0 4.52 4.63 4.93 4.78 5-37 5.44 6.72 
P,0; 0.02 0.02 0.02 0.02 0.01 0.02 0.06 
H,0F 4.22 4.42 4.07 4.00 3.94 3.80 4.96 
H,07 0.24 0.14 0.20 0.34 0.25 0.19 0.23 
“QUANTITATIVE SPECTROGRAPHIC ANALYSES 
F 06 06 Be: a 14 +15 -10 
B -O1 -O1 -001 -001 -001 -001 006 
Ba 006 -00 02 .02 02 -02 -005 
Be -001 001 -001 001 001 001 001 
Cu - 0002 -0002 - 0004 - 0004 - 0006 - 0004 0008 
Ga .0015 .0015 . 0026 -0026 0026 0026 0033 
La +004 004 -O1 01 OL O01 -O1 
Mo - 0006 0006 -0005 -0005 - 0006 -0006 0006 
Nb -003 +002 - 006 006 - 006 +006 007 
Pb -003 003 -004 -004 -004 004 -002 
Sc +0005 +0006 -0002 - 0002 +0002 -0002 - 0002 
Sn +0004 000 001 001 001 001 001 
Sr -001 - 001 -001 003 -001 001 001 
Y .003 003 .009 009 01 01 01 
Yb +0003 - 0003 0009 0009 - 0009 0009 0008 
Zr -O1 O01 02 -02 03 03 +04 
1. Saltair core #212, Depth 645 feet 7 inches 
2. Saltair core #210, Depth 636 feet 9 inches 
3. Saltair core #179 - bottom 3 inches of 24-inch bed 
4. Saltair core #179c - 3 inches below top of 24-inch bed 
5+ Meade County Kansas - Type locality of Pearlette ash. assoc. w. 
Cudahy fauna 
6. LaSal Mts. Utah ash bed interbedded in youngest pre-Wisconsin Terrace 
7. Hagerman, Idaho, l-inch ash bed interbedded with large fauna of 
Blancan age 








The colors have been useful especially in 
focusing attention on possible soils. Otherwise 
dark-gray layers do not seem to be lower in 
carbonate than light-gray, green, or tan 
layers; no special relation could be noted be- 
tween colors and carbonate content, nor be- 


tween color and clay-mineral content. No unit 
of dark-gray clay was sufficiently thick or fetid 
to appear particularly significant environ- 
mentally, and no organic-matter analyses 
were made. Standard Oil Company of Cali- 
fornia geologists have sampled the core for 








1332 


hydrocarbon analyses, and the results will be 
made available when completed. 


SOILS 


SURFACE OR LIVING sorL: At the surface of 
the site of the Saltair core is a layer of gray, 
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like that in solonetz. The B horizon is 26 inches the sc 


thick and is a reddish-brown clay. The odlites 
and fecal pellets, if originally present, have 
been decomposed by the soil-forming processes, 
because only a few remains were found. Some 
concretions of iron and manganese, 1-3 mm in 
diameter, occur. The amount of soluble salts is 


TABLE 2.—SAND FRACTIONS OF Oé1iTIC SAND BEFORE AND AFTER REMOVAL OF CARBONATES 
Sample 1, Table 1. Figures in per cent 



























































Sand (mm) 
2-1 | 1-0.5 | 0.5-0.25 | 0.25-0.12 | 0.12-0.06 | Total 
Carbonates 
not removed |0.4] 1.9 25.9 40.9 18.3 87.4 
Carbonates 
removed - 0.1 0. 8.0 9.6 18.5 
TABLE 3.—SuRFACE SOIL PROFILE 
Sand _(mm)_ Total | H = 
Hori- Thick- Texture To- | ygro Soluble 
zons Depth ness Color class 2-}1- | 0.5- 10. 25-}0.12- tal a Sateeaiel salts 
potiticloto 4am 4d | gray Sand |- 1] 0.1/0.8 | 8.0 | 9.6 [18.5 | 67.8 +; 3.6 
44" to cin | Light Silty 
A ition | 2°52" | gray riper 0.1/0.3 | 0.5 | 0.8]1.7 | 26.6 3.0 9.0 
1t10" reddish a ‘ 
B dee sagt Piven Clay Dele is O23 [RSF 1.6 PF ohes sid 6.0 
c ga 2+ | gray Silt 0.1]0.1 | 3.0 | 9.6 |12.8 | 29.2 2.0 3.9 


















































odlitic sand 414 inches thick which is largely a 
wind-transported material from the present 
shore line about 1 mile to the west. The domi- 
nant sand fraction (Table 2) is fine sand (40.9 
per cent) followed by medium sand (25.9) and 
very fine sand (18.3). The total per cent of sand 
is 87.4. The sand consists principally of odlitic 
grains which are spherical, but elongate fecal 
pellets are plentiful and are of fine and es- 
pecially very fine sand size. After removal of 
carbonates by hydrochloric acid the amount 
of sand left is 18.5 per cent. Much of it consists 
of remains of fecal pellets (Eardley, 1938, p. 
1401). 

Under the odlite layer is a surface soil (Pl. 1). 
It may be divided into the distinct genetic soil 
horizons, A, B, and C, which have a total thick- 
ness of about 6 feet (Table 3). The A horizon is 
17 inches thick and is a light-gray, silty loam 
with only a very small sand fraction. Grains of 
odlitic sand and especially fecal pellets are 
highly decomposed by the soil processes. The 
amount of water-soluble salts is very high—9.0 
per cent. Transition to the B horizon is abrupt, 


6.0 per cent. The transition is gradual to the C 
horizon, which shows some stratification in the 
form of fine sandy, silty, and clayey layers. The 
C horizon is distinguished by the highest ac- 
cumulation of carbonates (29.2 per cent) and 
the lowest amount of soluble salts (3.9 per cent). 
In contrast, the lower part of the B horizon has 
only 18.8 per cent carbonates. The higher 
amount of fine-sand fraction in the C horizon as 
well as in the surface odlitic sand is due largely 
to the abundant fecal pellets. In the A and B 
horizons the fecal pellets underwent nearly 
complete decomposition. The fine sands in the 
A and B horizons were partly decomposed by 
the soil processes. The amount of coarse sand is 
negligible in all soil horizons as well as in the 
odlitic sand, and this suggests that the surface- 
soil profile throughout originated from identical, 
fine-grained sediments. 

Below the C horizon are well-stratified, pre- 
dominantly silty, lake deposits. The amount of 
carbonates in them is 18.4 per cent in contrast 
to higher percentages in the three horizons of 


‘ 


these 

Thi 
velop 
velop 
plex : 
devel 


; ing la 


chak 
very 
velop 


| possi 


level 
15 fe 
the t 
a sec 
risin§ 
base 
core 
of th 
west 
pres 
form 
Thu: 
lowe 
into 
wate 
mor] 
mar; 
4215 
lake 
solos 
Lak 
duri 
val. 
the 
und 
in t 
cont 
sl 
Sevi 
dep’ 
prot 
hori 
feet 
solo 
incl 
bro’ 
cov 
this 
(ab 
bor 
bor 
lay 
tha 
fro! 
ma 


6 inches 
> oblites 
t, have 
‘ocesses, 
1. Some 


mm in| 
salts is | 


TES 





uble 
lts 








the C 
in the 
s. The 
st ac- 





SOILS 


the soil profile. Plant remains are present, and 
these were not observed above. 

The surface soil is a secondary solonchak de- 
veloped on a solonetz profile, which was de- 
veloped from a primary solonchak. Such a com- 
plex soil profile suggests at least three stages of 
development closely controlled by the fluctuat- 


| ing lake levels. The first stage of primary solon- 


chak corresponds to the lake level which was 
very much as it is now. The next stage in de- 
velopment was that of a solonetz, which was 


| possible only because of the lowering of the lake 
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level (and thereby the water table) no less than 
15 feet and possibly more than 20 feet. Finally 
the third stage in soil development was that of 
a secondary solonchak caused by lake waters 
rising to the present level. This interpretation is 
based not only on the soil profile of the Saltair 
core but is supported by an exploratory study 
of the halornorphic soils of the large lake plain 
west of Salt Lake City. Near the margin of the 
present-day lake a zone of secondary solonchaks 
formed on a deeply solodized solonetz profile. 
Thus, the solonetz which developed during a 
lower level of the Great Salt Lake was changed 
into secondary solonchak by the rise of the lake 
waters to about the present level. The halo- 
morphic soils found to the southeast of the lake 
margin and at slightly higher elevations of 
4215-4225 feet do not indicate inundation by 
lake waters. The writers assume that the 
solodized solonetz at the margin of Great Salt 
Lake at an elevation of 4210-4205 developed 
during the arid times of the altithermal inter- 
val. During the more humid (semiarid) cycle of 
the medithermal period these marginal soils 
underwent secondary salinization as waters rose; 
in the higher parts of the plain, solodization 
continued to the present time. 

SUBSURFACE OR FOSSIL SOILS AND MUDFLOWS: 
Several soil profiles were identified at various 
depths in the core. Only two subsurface soil 
profiles are mature with well-developed genetic 
horizons. The one found at the depth of 174 
feet, 414 inches, is best developed and is a 
solonetz. The A horizon is pale silty loam 4 
inches thick, and the B horizon is a reddish- 
brown clay 10 inches thick. The solonetz is 
covered by a mudflow layer 5 inches thick. In 
this mudflow the amount of humus is high 
(about 4 per cent) and the amount of car- 
bonates comparatively low (9.9 per cent). Car- 
bonates are three times more abundant in the 
layers above and below. These features indicate 
that the mudflow was derived by sheetwash 
from the well-humified A horizon of a soil on 
marginal slope areas. Notable also are vertical 
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wedges (cracks) filled with brownish lutite from 
above the mudflow layer. This may be explained 
by drying and cracking of the mudflow and later 
filling by a brownish fluviatile deposit. The 
solonetz is indicative of an arid climate. It was 
preceded by saline lake conditions and de- 
veloped on salt-saturated sediments. 

The second mature soil was identified at a 
depth of 427 feet, 5 inches, to 435 feet. The A 
horizon is approximately 2 feet thick and is a 
brownish-dark-gray well-humified silty clay. 
The lower part of the A horizon and the upper 
part of the B horizon were not obtained in the 
core. The B horizon is a dark-gray loam, 
slightly humified with carbonate concretions 
1-5 mm in diameter. The C horizon is a gray 
silty loam with carbonaceous streaks, some 
large ochre spots and some manganese concre- 
tions. The lower part of the C horizon was also 
not recovered, but the entire profile is about 8 
feet thick. This brown steppe soil developed in 
an arid to semiarid climate. 

At a depth of 75 feet to 76 feet, 5 inches a bog 
soil profile is developed on a black silty loam 
mudflow. The upper part of the mudflow con- 
tains only 6.4 per cent carbonates. Downward 
the amount of carbonates increases to 13.6 per 
cent, which is still considerably below that in 
similarly textured lutites above and below. 
The vertical cracks caused by drying and filling 
with pale-gray silty loam material are well de- 
veloped in the bog soil profile as well as in the 
mudflow. 

The mudflow at a depth of 594 feet to 595 
feet, 4 inches has been slightly transformed by 
soil processes. The other mudflows at 205, 223, 
293, and 584 feet are shallow layers only 2-6 
inches thick and do not show changes by soil 
processes; they were probably buried in a com- 
paratively short time by fluviatile or lake sedi- 
ments. 

All mudflow layers are characterized by more 
or less uniform composition of clay minerals 
(Table 4). The average composition of clay 
minerals in the mudflow layers is nearly the 
same as in the A horizon of the surface soil. The 
predominant clay mineral is illite. The amount 
of montmorillonite is about the same as that of 
kaolinite. This seems to indicate that the soils 
on slope areas from which the mudflows have 
been derived were similar. According to Plate 1 
the mudflows came from arid to semiarid soils, 
except the one at a depth of 293 feet which 
would be interpreted as having come from the 
soil of a cold humid climate. The previous con- 
sideration of clay minerals in the lake deposits 
leads to an indecisive conclusion about the rela- 
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tive abundance of clay minerals in soils of warm 
arid vs. cold humid climates, so that perhaps no 
reliance should be placed on an interpretation 
of climate from the mudflows. 

The subsurface soils at the depths of 31 feet, 


TABLE 4.—CLAY MINERALS OF MupFLOW LAYERS 





























Depth Clay minerals Total 
in feet |Kaolin TIllite |Montmor.| Sand 
75 25 57 18 2.6 

173 31 42 27 2.7 
205 20 60 20 12.0 
223 20 50 30 23.5 
293 27 54 19 12.1 
584 22 2 26 3.3 
595 17 48 35 10.2 

Average 23 52 25 

Surface 

soil 

average 24 50.0 26 

for A 

horizon 











3 inches to 33 feet, 3 inches, 37 feet, 8 inches to 
39 feet, 10 inches, and 46 feet, 11 inches to 47 
feet, eleven inches are all immature, which sug- 
gests arid climate at the time of their develop- 
ment. The two upper soils are brownish-gray 
loam with a high amount of carbonate (31.9 and 
28.2 per cent). The characteristic vertical vein- 
lets of carbonates are well developed. The 
lower, very shallow, immature soil is loamy sand 
with vertical veinlets of carbonates. 

The subsurface soil at the depth of 85 feet to 
90 feet, 8 inches is a thick, immature profile de- 
veloped under an arid climate. It is a pale, 
sandy loam (21 per cent sand) changing down- 
ward to loamy sand (48.6 and 39.3 per cent 
sand). Vertical veinlets of carbonates occur. 
Because of high sand percentage the amount of 
carbonates declines downward from 16.7 per 
cent to 12.5 and 13.5 per cent. 

At the depth of 286 feet, 2 inches to 288 feet, 
6 inches a dark-brownish-gray sandy silt-loam 
soil was identified. It contained well-developed 
streaks of carbonates and carbonate concretions, 
2-4 mm in diameter. The total amount of car- 
bonates is 32.8 per cent. The soil is immature 
and developed in an arid climate. 

At a depth of 594-597 feet is an immature 
soil formed on a dark-gray mudflow. The mud- 
flow is 214 feet thick, and below it is a 6-inch 
layer of dark-greenish, silty clay. Stratification 
in the clay is somewhat obliterated by soil 
processes but is shown by two layers about 1 
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inch thick. The stratification may be of sub- 
aerial (fluviatile) origin. 

The lowest subsurface soil was identified at a 
depth of 622 feet, 6 inches to 626 feet, 4 inches. 
It is a pale-brownish immature silty loam soil 
developed on subaerial loessial (?) material. A | 
small amount of carbonates (7.5 to 5.5 per cent) | 
occurs in the upper part of the profile (A and B | 
horizons). In the C horizon the per cent of car- 
bonates rises to 31.5. It is a soil of an arid to 
semiarid climate. The soil profile grades down- 
ward into subaerial sands reworked by wind. 


RADIOACTIVITY ' 


The radioactivity log taken by Lloyd W. | 
Crabill of Shell Oil Company extended to 485 
feet, the limit of his cable. Several runs with 
different sensitivities were recorded, and the 
most useful is reproduced in Figure 2. 

Very little relation between radioactivity and 
lithology can be gleaned. The sands are mostly 
intervals low in activity, but why certain clays 
are high is not apparent. The log is reproduced 
as a matter of record rather than as a useful 
guide in the interpretation of the log. 


OOLITES AND FECAL PELLETS 


Each of the megascopically distinct units of 
the core was examined under the binocular 
microscope for odlites and fecal pellets, the oc- 
currence of which is shown in Plate 1. 

Odlites of the present Great Salt Lake occur 
along the shore lines and in very shallow water 
(Eardley, 1938). Since concentration by evap- 
oration favors carbonate precipitation the 
odlites not only represent shore-line conditions 
but also saline water, fairly warm in the sum- 
mer. If only one or two odlites occurred in a 
unit possibly they were carried into deeper 
water by bottom currents; if other indicators of 
environment favor deep-water conditions, the 
few odlites do not necessarily rule against these 
indications. 

The fecal pellets of the brine shrimp, Artemia 
gracilis, if present in abundance, indicate a very 
saline lake and probably shallow water, al- 
though they are small enough to be carried a 
considerable distance from shore by bottom 
currents. They constitute nearly all the ma- 
terial of certain deposits in near-shore areas of 
the present Great Salt Lake, but they also 
occur in the center of the lake in profusion in 30 
feet of water (Eardley, 1938). Artemia gracilis 
lives only in very saline lakes and hence is an 
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OOLITES AND FECAL PELLETS 


accurate and simple guide to past saline en- 
vironments. 

Where only a few fecal pellets occurred in a 
sample the writers considered it possible that 
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study. He also was supplied with original clay 
samples which contained mollusks found signifi- 
cant by Taylor. The following is based on 
Jones’ report. 
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FIGURE 2.—POssIBLE CORRELATION OF 


SALTAIR CORE CHRONOLOGY WITH THAT OF THE 


Deep-SEA CORES BY EMILIANI AND THE SOLAR RADIATION CURVE BY ZEUNER 


they were derived from older deposits and 
washed into a later deep cold fresh-water lake. 
In these occurrences other indicators are duly 
recognized. 


OSTRACODES 


OCCURRENCE: Ostracodes are abundant in the 
Saltair core, in almost every clay unit from top 
to bottom. They were concentrated in the sand 
fractions of the samples analyzed for sand, and 
these were submitted to Dr. D. J. Jones for 


SPECIES PRESENT: The ostracodes recovered from 
the Saltair core consist of species of the genera 
Candona, Cypris, Cyclocypris, Ilyocypris, and Lim- 
nicythere, all of which are restricted to nonmarine 
or mixed environments and are never found in 
strictly marine environments. The common genus 
Candona is represented by six species, one of which 
is new; the genus Cypris is represented by three 
species, Cyclocypris by two species, Ilyocypris by 
two species, both new, and Limnicythere by two new 
species. 

PALEOECOLOGICAL SIGNIFICANCE OF OSTRACODE 
suITES: The species of Candona, a bottom-dwelling 
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genus, are not stratigraphically significant in dis- 
tinguishing the various Pleistocene units (Alpine, 
Provo, Post-Provo), since the genus is found in 
both the deep-water and the shallower-water facies 
of the sediments as represented in the cores. How- 
ever, the species C. acuminata seems to be essen- 
tially restricted to deep-water sediments in the 
Lake Bonneville sequence. 

The absence of Cytherissa lacustris, which in pre- 
vious investigations by the writer was found to 
characterize Lake Bonneville sediments of Provo 
age, is puzzling. The species has been found in sedi- 
ments of Provo age near Bluffdale, in the south- 
west portion of the Jordan Valley, and in sediments 
associated with the Provo shore line near Tremon- 
ton to the north. 

The ostracodes of the Saltair core occur as two 
distinctive suites, whose dominant species are mu- 
tually exclusive in occurrence in the cores. These 
are provisionally designated and characterized as 
follows: 

Suite A: Cypris pubera, Cyclocypris, Ilyocypris, 
Candona acuminata association. In most places 
this suite consists of abundant specimens of Cypris 
cf. C. trinoda (m.sp.?), two unnamed species of 
Cyclocypris, two species of IJlyocypris, a small, 
smooth-shelled species of Limnicythere (probably 
new), and Candona cf. C. acuminata. 

This suite closely resembles one obtained by 
Joseph Schreiber from excavations in the sediments 
of Beck’s Hot Spring Lake, now drained, at the site 
of Salt Lake City Sewage Disposal Pump Station, 
near 12th West and 20th North, Salt Lake City. 
Oégonia and stems of charophytes of the genus 
Chara also are common in this suite of microfossils. 

This assemblage of ostracodes, free swimmers or 
feeders on aquatic vegetation, is interpreted by the 
writer as indicating shallow lime-rich water, rang- 
ing in depth from 1-2 feet to 15-20 feet. A great 
number of specimens of each species occur in each 
appearance of the assemblage in the cores. 

Suite B: Limnicythere-Candona acuminata asso- 
ciation. This suite of ostracodes is dominated by 
abundant Limnicythere quinta (n. sp.), Limnicy- 
there sp., a small, nodose form, and the large Can- 
dona acuminata, This association is common also 
in the near-shore silts of the Alpine and Provo 
formations on the eastern and northern edges of the 
Bonneville Basin and is interpreted by the writer 
as probably representing deeper, colder water than 
Suite A. 

CYCLIC RECURRENCES OF FAUNAS IN THE CORE: 
The distribution of the two suites of ostracodes in 
the core recovered from the Saltair test boring 
shows several repetitions of alternating occurrence 
of ostracode suites A and B, which may be inter- 
preted as alternations of shallow and deep water at 
the coring site. 

The following provisional interpretations are 
based on the occurrence of the two suites of ostra- 
codes in the core: 
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Depth 

(feet) 

28-46 The ostracodes in this interval are the 
Suite A assemblage, interpreted as being 
very shallow water, fairly warm, and high 
in lime, as evidenced by the thick-shelled | 
Ilyocypris and presence of odgonia of | 
Chara. 

124-130 Ostracodes in this interval consist 


smooth species of Limnicythere, and a 
species of Cypris; not diagnostic, but 
probably shallow water. 
168-170 Limnicythere quinta and Cypris sp., as well 
as Candona candida and Candona kingsleyi 
This is interpreted as suite B (deep-water 
association). 
Abundant occurrence of most of the 
shallow-water species of suite A, notably 
Cypris species, Ilyocypris, and Candona. 
Suite B dominates the fauna here, with 
Limnicythere, and Cypris sp. (deep-water 
forms). 
Fauna are scant here, but elements of 


185-200 


313-320 


363-370 


} 
of | 


suite A are present, notably the smooth | 


form of Limnicythere, and the shallow- 
water Cypris. 

Suite A dominates in this interval, with 
very abundant specimens of all the species 
of Cypris, including C. trinoda. Shallow- 
water conditions must have prevailed 
during this interval. 

The fauna here is slightly confusing, but 
elements of shallow-water suite A pre- 
dominate. Interpreted as deposition in 
shallow water. 

The deeper water fauna of suite B is pres- 
ent in this interval, with abundant Limni- 
cythere. 


398-428 


514-520 


553-560 


These interpretations are entirely provisional; 
published data on the ecology of nonmarine ostra- 
codes are extremely sparse. 


MOLLUSKS 


Small snails and clams occur in numerous 
horizons in the Saltair core, and where whole 
and fairly abundant they were separated out 
and sent to Dwight W. Taylor for study. His 
identifications are listed below. The U. S. Geo- 
logical Survey Cenozoic locality number is fol- 
lowed by the core sample number in parentheses, 
and this by the depth interval from which the 
sample came. The log of Plate 1 shows several 
occurrences not reported on by Dr. Taylor; 
these are generally shell fragments but are listed 
in case they may have some environmental sig- 
nificance. 
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21103 (19). 33/10”-33'11” 
re thé Fresh-water snail: 
- being Stagnicola 
° 21104 (25). 44’-44’2” 
d high : ’ 
Fresh-water snail: 


9 va | Gyraulus circumstriatus (Tryon) 
| 21105 (33). 75/10’-75'12” 
F } Fresh-water snails: 
ist of ps 
: pi Valvata humeralis (Say) 
and a ‘ 0a 
age Valvata utahensis Call 
He Gyraulus parvus (Say) 
ant Helisoma 
+ a 21106 (37). 88'6”-88'8” 
soa Fresh-water snails: 
Valvata humeralis (Say) 
] Gyraulus 
Bio | 21107 (49). 145’-145'2” 
y | Fresh-water snails: 
ndona. nae 
. Valvata humeralis (Say) 
, with f Ne 
Valvata utahensis Call 
‘water . 
| Gyraulus 
| Helisoma 


f 
its oF | 21108 (50). 155°614"-155'814” 


nooth a 
Fresh-water clam: 
allow- : 
Sphaerium 
ith Fresh-water snails: 
wit Valvata humeralis (Say) 

pecies Valvata utahensis Call 
ulow- Gyraulus parvus (Say) 


vailed 21109 (55). 173’4”-173'6” 


Fresh-water snail: 


, but Valvata humeralis (Say) 
pre- 21110 (57). 178’8”-178/10” 
yn in Fresh-water snails: 
Valvata humeralis (Say) 
pres- Stagnicola palustris (Miiller) 
imni- Fossaria dalli (Baker) 


Gyraulus circumstriatus (Tryon) 
Physa 
21111 (59). 186’8”-187’ 


onal; 
ig Fresh-water clam: 
stra- } > ae 
Sphaerium striatinum (Lamarck) 
Fresh-water snail: 
Amnicola 
21112 (82). 271'4”-271'6” 
Fresh-water clam: 
sii Sphaerium 
eve Fresh-water snails: 
hole Valvata humeralis (Say) 
out | Stagnicola caperata (Say) 
His Gyraulus 
Geo- Armiger crista (Linné) 
f Promenetus cf. P. exacuous (Say) 
) ol- ° ‘3 
vi Land snail: 
ESS, cf. Succinea 
the | 21113 (115). 353’8”-353'10" 
eral Fresh-water snails: 
ylor; Stagnicola 
sted Gyraulus 
Ferrissia 


SI8- | 21114 (117). 363-3632” 
Fresh-water snail: 
Valvata humeralis (Say) 
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21115 (119). 366’-366'2” 
Fresh-water snails: 
Valvata humeralis (Say) 
Gyrauus circumstriatus (Tryon) 
21116 (127). 397'5”—397'7” 
Fresh-water clam: 
Pisidium 
Fresh-water snails: 
Valvata humeralis (Say) 
Stagnicola palustris (Miiller) 
Gyraulus 
21117 (128). 399’5” 
Fresh-water snails: 
Valvata humeralis (Say) 
Amnicola 
Gyraulus 
Helisoma 
21118 (129). 402’114”—402’314” 
Fresh-water snails: 
Valvata humeralis (Say) 
Valvata utahensis Call 
Amnicola 
Gyraulus parvus (Say) 
21119 (137). 425’1”-425’3” 
Fresh-water snails: 
Stagnicola, 2 species 
21120 (139). 428’7”-428'10” 
Fresh-water snails: 
Valvata humeralis (Say) 
Stagnicola caperata (Say) 
Gyraulus 
Helisoma 
21121 (140). 433’-433'214” 
Fresh-water clam: 
Anodonta 
Fresh-water snails: 
Valvata humeralis (Say) 
Stagnicola 
Gyraulus circumstriatus (Tryon) 
Helisoma 
Promenetus umbilicatellus (Cockerell) 
Physa 
21122 (141). 435’11”-436'1” 
Fresh-water snails: 
Stagnicola caperata (Say) 
Stagnicola cockerelli (Pilsbry and Ferriss) 
Gyraulus circumstriatus (Tryon) 
Helisoma 
21123 (142). 437'2”—437'4” 
Fresh-water snails: 
Valvata humeralis (Say) 
Gyraulus 
21124 (151). 463’1014”-464'14” 
Fresh-water clam: 
Pisidium 
Fresh-water snails: 
Valvata humeralis (Say) 
Stagnicola caperata (Say) 
Stagnicola 
Gyraulus 
Helisoma 
21125 (153). 469'10”-470' 
Fresh-water snails: 
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Valvata humeralis (Say) 
Gyraulus circumstriatus (Tryon) 
21126 (162). 493’8”—493'11” 
Fresh-water snails: 
Valvata humeralis (Say) 
Stagnicola 
Gyraulus circumstriatus (Tryon) 
Helisoma 
21127 (175). 534’1014”-535’ 
Fresh-water snail: 
Valvata humeralis (Say) 


The significance of the mollusks is interpreted 
by Taylor as follows: 

“The amount of material available is necessarily 
rather small, and hence sampling error is poten- 
tially large. I have therefore been conservative in 
interpreting the fossils, perhaps overly so. 

“Two ecologic groups of mollusks are represented: 
gill breathers, the clams Sphaerium and Pisidium 
and the prosobranch snails Valvata and Amnicola 
and pulmonate snails. The former have a much 
greater depth range than the pulmonates, and may 
live well beyond the zone of submerged rooted 
aquatic vegetation and below the thermocline. They 
do live in shallow water also, so that the recognition 
of such an assemblage is based on the absence of 
pulmonates. This in turn necessitates an adequate 
sample for reliability. 

“The pulmonates are characteristic of the zone of 
rooted aquatic vegetation. Probably this is partly 
due to oxygen requirements, and partly due to 
their food source, the epiphyton. These pulmonates 
have shells of varying strengths, but at least a few 
may be washed from shallow to deeper water, or 
carried into a lake by streams. 

“These conditions make hazardous any _ in- 
ferences from such small samples. I have inter- 
preted only the ones which have a moderate num- 
ber of specimens, and which seem to represent life 
assemblages. 

“The stratigraphic range of most of these species 
is either known or reasonably expected to be rela- 
tively long (Pliocene to Recent). There are two 
exceptions: Valvata utahensis and Promenetus exacu- 
ous. Valvata utahensis in the Snake River Valley 
ranges from the mid-Pleistocene (Kansan?) to 
Recent. The sampling in the core is not reliable 
enough to warrant the inference that the sediments 
below the lowest occurrence of V. utahensis (sample 
129) are of earlier Pleistocene age, however. The 
specimens of Promenetus cf. P. exacuous are too 
poor for certain identification, unfortunately. In 
the case of these samples the stratigraphic value of 
the mollusks comes from their environmental in- 
terpretation rather than restricted ranges. 

“The following samples I think are too small for 
reliable inferences about environment: 19, 25, 37, 
55, 115, 117, 119, 127, 128, 137, 129, 142, 151, 175. 

“Some samples suggest a lacustrine environment. 
Clams and prosobranchs are dominant, so that 
probably the loca] site was not in shallow water 
near shore. There are a number of pulmonates, 
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In cor 
Lake dat 
for a de 
26,300 - 
sediment 


however, so that probably they are not at a great 
distance from the shore line. A critical factor here 
is the local influence of currents and the proximity 
of streams. My guess is that these samples are 
from beyond the zone of rooted vegetation, but not 
far beyond: 33, 49, 50, 140, 153, 162. : 

“Thr ...  Jis theref 

ee samples apparently represent deposition |”. 

in shallow water. They might be from small streams )mid-lake 
or shallow ponds, or close to the shore of a lake | that par 
where the shells had been washed from their near-by locality. 
habitat. Some of the pulmonates in samples 57 and | feet anc 
82, and all of those in sample 141, are characteristic mark th 
of seasonal bodies of water-shallow ponds, back- | conclude 
waters along streams, or marginal pools around | during t 
Jakes that dry up in the summer. Gill-breathing | ja ry ded 
snails and clams are uncommon in samples 57 and } d f 
82. Samples: 57, 82, 141. saci 

“Two samples are from a lake: 59 and 129, | Years 48 
Sample 59 yielded only two species, both proso- | surface | 
branchs, both in moderate numbers. This sample a surface 
may be plausibly interpreted in two ways. It may Desert y 
represent a habitat some distance from the lake | this is aj 
shore, beyond the rooted vegetation and far enough | cation o 
out so that the shallow-water shells were not de-| tion is | 





posited locally in significant numbers. A second | iq Jake 
interpretation is that the depth of water was not | Seelocati 
too great, but that local current action was such as 
to prevent deposition of shells from shallow water in The v 
significant numbers. Other species which might Ot the 
have lived here were barred because of the current nostic r 
action directly or indirectly. 50,000 y 
“Sample 129 also represents a lacustrine habitat. | should t 
Prosobranchs are dominant in numbers of indi- terpreta 
viduals and species; the Gyraulus are large and 
thick-shelled, and suggest exposure to some cur- 
rent action. The local habitat was probably beyond INTEGRA 
the limit of rooted vegetation, and in a lake such The fe 
as Lake Bonneville or a predecessor. There are 
: appear t 
none of the temporary water body species here, 
and the shells of Gyraulus might have been carried from wl 
some distance.” tabulate 
Odlite 
lim 
C4 ANALYSIS oth 
F . sali: 
A C'* analysis was made by Wallace Broecker — rcay 
of the Lamont Geological Observatory, Colum- Carbe 
bia University, on a sample of the core taken pro 
from the interval 13 feet, 1 inch, to 13 feet, 3 sali 
inches, and he reports as follows: Snails 
“We have completed the analyses of the carbon- eith 
ate material from the upper sample in your core. TOO! 
The result is >29,000 years. Actually there was a Ostrai 
suggestion of a finite activity in the sample (equiv- dice 
alent to that in a sample 35,000 years old) but due wat 
to the small size of the sample it is safer to quotea| — SojjJc- 
minimum age. .. 
“Combustion of the noncarbonate fraction of the ” 
upper Great Salt Lake core yielded only about 10% fres 
of the amount of material needed for a radiocarbon wit! 
analysis. Thus the carbonate date of >29,000 years ing 
is all we have to go by.” Grant 





great} In cores taken from the center of Great Salt 
r here | Lake dates of 12,500 + 250 years were obtained 
imity | for a depth of 15 feet, and 25,300 + 1000 and 
S are) 26,300 + 1100 for a depth of 32 feet. The 
it not | sedimentary layer at 13 feet in the Saltair core 
sition is therefore older than the layer at 32 feet in 
eams | Mid-lake, and from this it must be concluded 
Jake | that part of the record is missing in the Saltair 
ar-by | locality. The saline soil from the surface to 7 
7 and| feet and the odlite layer at 12 feet seem to 
ristic, mark the most evident hiatuses. The writers 
back- | concluded above that the solonetz developed 
‘ound | during the altithermal. If this is true, the corol- 
— ‘lary deduction is warranted that the lake with- 
an¢'idrew from the shore at Saltair about 11,000 

129, | Years ago, and only the thin odlite layer at the 
roso. | surface has accumulated since. A C" analysis of 
mple | 4 surface carbonate bed on the Great Salt Lake 
may Desert yielded a date of 11,000 years; therefore 
lake | this is approximately the time of the near desic- 
ough | cation of the last fresh-water lake. Sedimenta- 
t de-/ tion is presumed to have been continuous in 
cond | mid-lake since we have no evidence of complete 
desiccation. 

The writers suspect that the Saltair site is 
not the best for securing a continuous or diag- 
nostic record of climatic changes in the past 
50,000 years, and therefore a series of short cores 





; not | 
ch as | 
ter in 
night 
rrent 


yitat. should be taken at other places to test the in- 
indi- | terpretations made in Plate 1. 

and 

cur- 
yond INTEGRATION OF ENVIRONMENTAL INDICATORS 
such The features of the sediments of the core that 
ee! appear to indicate conditions of deposition, and 
rried | rom which past climates may be judged, are 

tabulated in Plate 1: 

Odlites—shallow, warm in summer, high- 
lime, fresh-water or saline-water lake. With 
other indicators they generally indicate 
saline water. 

cker Fecal pellets—very saline lake 

lum- Carbonate in lutites more than 30 per cent— 
ken probably shallow, warm, fresh-water, or 
et, 3 saline-water lake 

Snails and clams—assemblages indicate 

eal either open fresh water, or near-shore 

core. rooted vegetation zone 

as a Ostracodes—in two distinct assemblages in- 

juiv- dicating either shallow fairly warm fresh 

due water or deep cold water 

ste a| —Soils—subaerial weathering of lake deposits, 

(th in arid or semiarid climate drained by 
e : 

10% fresh water, or lake sediments saturated 

rbon with salt water and exposed to soil-form- 

rears ing processes in arid climate 


Granule sands—regarded generally as den- 
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sity-current deposits in shallow open lake 
but rising from previous low saline con- 
dition 

Fine sands—lake-bottom deposits, but depth 

of water not determinable 

Laminations—probably distant from shore 

and in water more than 50 feet deep. Be- 
lieved to have formed in deep cold-water 
lakes as well as shallower warmer semiarid 
lakes, but sufficiently deep or protected to 
preclude wave agitation of bottom sedi- 
ments 

Organic-rich fetid sediments—probably deep 

or fairly deep fresh-water deposit 

The curve for interpreted depositional en- 
vironment in Plate 1 has been constructed by 
the summation of these several guides. Ten 
environmental guides should make the pluvial 
and arid cycles obvious, but this is not so at 
all levels. 

The evidence of the mollusks and ostracodes 
may be in conflict at 403 feet where the mol- 
lusks indicate open lake conditions beyond 
the zone of aquatic vegetation and the ostra- 
codes shallow, fairly warm water. Shallow 
fresh water considerably removed from shore 
would probably satisfy both, however. Both 
Taylor and Jones caution against the confident 
use of either assemblage alone in the determina- 
tion of the sedimentary environment; the mol- 
lusks and ostracodes therefore have been ac- 
corded the role of supporting evidence to the 
other guides, rather than primary evidence. 

The granule sand at 50-68 feet contains large 
pearly odlites such as are found only on the 
spit off the west shore of Antelope Island today. 
This conflicts with the interpretation that the 
granule sand is a density current of a rising 
lake. Since cores were not obtained for this 
interval—only the washings from the drilling 
mud—it is not known in what manner the 
odlites are associated with the granule sand. 
Possibly they form a layer at the bottom which 
was covered by the sand as the lake rose. An 
odlitic sand may occupy an intermediate posi- 
tion in the granule sand unit and represent a 
temporary lowering of lake level. 

In the interval 219-225 feet the varved clay 
presumably representing fairly deep water 
seems incompatible with the mudflow and 
granule sand, each presumably representing 
shallower water. 

The laminated clay at 415-426 seems out of 
company with the shallow-water ostracodes. 
Here the writers believe that the ostracodes 
could have been washed into the lake just deep 
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enough to prevent their agitation by wave 
action. 

Since the lake basin may have been subject 
to structural disturbance from time to time 
during the Pleistocene, shallow- and deep-water 
conditions in any one place could have been 
brought on by vertical movements of the crust. 
Although the Wasatch and other adjacent 
ranges probably were uplifted during the 
Pleistocene, no specific evidence is known that 
points to the Saltair core site as a place sig- 
nificantly affected. The site was selected as 
far from mountain outcrop as possible to avoid 
such complication. 


GLACIAL STAGES 


TIME MARKERS: In attempting to correlate 
the lake stages with the recognized glacial 
stages two mileposts in the chronology are 
evident. The first is the Pearlette tuff at 548 
feet which has been considered late Kansan or 
early Aftonian. Plate 1 shows that it falls in a 
major lake stage, which would thus be called 
Kansan. 

At a depth of 404 feet the gastropod Valvata 
ulahensis occurs; according to Taylor, this 
cannot be older than Kansan but may occur at 
any time later. This evidence, therefore, sup- 
ports that of the Pearlette tuff. 

The Wisconsinan! Stage, recently defined by 
Fry and Willman (1960) for the Lake Michigan 
glacial lobe, consists of the following substages: 


RECENT 
———— 5000 years 
VALDERAN SUBSTAGE (GLACIAL) 
11,000 years ———_—— 
TWO CREEKAN SUBSTAGE 
(MINOR INTERGLACIAL) 
12,500 years 
WOODFORDIAN SUBSTAGE (GLACIAL) 
22,000 years ————— 
FARMDALIAN SUBSTAGE 
(INTERGLACIAL) 
28,000 years ————— 
ALTONIAN SUBSTAGE (GLACIAL) 
—— 50,000-70,000 years 








The Woodfordian and Valderan substages 
constitute the last major glaciation. The 


1 Spelling advocated by Frye and Willman 
960). 


EARDLEY AND GVOSDETSKY—CORE FROM GREAT SALT LAKE, UTAH 


Farmdalian is an interglacial substage and 
separates the last glacial cycle from the pre- 
ceding Altonian. The two glacial cycles are 
nicely matched by the Saltair core chronology. 

Saltair core chronology therefore correlates 
with the Great Lakes chronology as far as the 
Wisconsin and Kansan are concerned. The 





intervening correlations, however, are far less} 


certain. One more major pluvial stage occurs 


in the Saltair core chronology than in the| 


standard Great Lakes chronology. 
RATES OF SEDIMENTATION: Emiliani (1958) 
calculated a rate of sedimentation from C* 


dates in the upper parts of the deep-sea cores | 


and determined the absolute dates of deeper 
intervals by projecting this rate downward. 
The same method is used in attempting to place 


absolute ages on the pluvial stages of the Bonne- | 


ville basin. 

The C¥ datum of 12,500 years for a depth of 
15 feet in the middle of Great Salt Lake pro- 
vides a rate of sedimentation of 1 foot in 833 
years. The C dates of 25,300 and 26,300 for 
a depth of 32 feet in the mid-lake core, if 
averaged, yield a rate of 1 foot in 807 years. 
The age of 25,300 years was obtained from 
carbonate carbon, and the age of 26,300 was 
obtained from organic carbon in the same 





sample. The latter is probably more accurate. | 


If 26,300 is used, a rate of 1 foot in 822 years 
is calculated. The interval from 0 to 15 feet 
in the mid-lake core was deposited in shallow, 
saline water, whereas the interval of 15-32 feet 
was deposited mostly in fairly deep fresh water. 
The rate for the fresh water interval would be 
1 foot in 810 years. The rate of sedimentation 


in the fresh-water lake therefore was slightly | 


faster than in the saline. Considering these 
calculations the writers used an average rate 
of 825 feet for extrapolations down to 300 feet. 

This rate is faster than that calculated by 
Flint and Gale (1958) for the pluvial Parting 
Mud and Bottom Mud in Searles Lake, for 


which average rates of 1 foot in 1175 years and | 
1260 years are suggested as approximations. ' 


For parts of the section the C" analyses indi- 
cate rates as slow as 1 foot in 3000 years. The 
Great Salt Lake rates seem on the safe side, 
because, even if these faster rates are used, the 
length of Pleistocene time is calculated to be 


nearly 3 times longer than the time Emiliani | 


(1958) calculates from the deep-sea cores. If 
the Searles Lake rates were used the length of 
Pleistocene time would be still greater. 

The rate of 825 years per foot was used down 
to 300 feet; from 300 to 430 feet, a rate of 900 
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GLACIAL STAGES 


years per foot was used because of compaction; 
from 430 feet to the bottom of the core a rate 
of 1000 years per foot was used. No direct 
measurements were made on water content of 
the clay cores, but from observation at the time 
of extrusion of the core at the well site the 
plasticity was observed and the extent of com- 
paction visualized. The plasticity seemed to 
change little down to 300 feet, below which 
some intervals were stiffer. From 515 feet down, 
the clay in the core was generally crumbly, 
indicating appreciable loss of water. 

The granule sands were considered to have 
been deposited quickly and were assigned no 
time value. 

The soils were assigned values of 2000-3000 
years depending on thickness. The mature soil 
at 430 feet was accorded an exceptional age of 
5000 years. These figures seem conservative. 

As a result of the rates and time assignments 
the absolute ages of the pluvial and inter- 
pluvial stages are shown in Figure 2 and Plate 1. 

CORRELATION WITH CHRONOLOGY OF DEEP- 
SEA CORES: In order to relate the chronology 
interpreted from the Saltair core with the 
chronology of the deep-sea cores the two time 
scales should be scaled to approximately the 
same length. Accordingly, Emiliani’s (1958) 
300,000-year chronology is scaled equal to the 
800,000-year chronology of the Saltair core. 
(See Figure 2.) The glacial stages are shown as 
Emiliani relates them to his chronology of sea- 
water temperature changes, and the pluvials 
and interpluvials of the Saltair core are matched 
as well as possible. If the correlations are valid 
then one or both of the times scales are wrong. 
Possibly the rates of sedimentation varied in 
such a way that, if known, better correlations 
would result, with the corresponding stages of 
equal length. 

Broecker et al. (1958) review the extrapola- 
tions of Emiliani and conclude that the be- 
ginning of the warm period preceding the last 
“cold surface ocean water” period should be 
dated about 150,000 years B.P. and the end 
about 70,000 years B.P. Plate 1 shows that the 
writers’ analysis and extrapolation suggest an 
age of 115,000 years for the beginning and 45,000 
years for the end. The Saltair core chronology 
should be confirmed by additional cores before 
the age differences are discussed. Additional 
cores will be taken in the Great Salt Lake 
Desert during the summer of 1960. 

Ericson and Wollen (1956, Fig. 4) conclude 
that the warm period preceding the last glacial 
age extends back to the beginning of Emiliani’s 
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Mindel (Kansan). If so, the Pleistocene epoch 
would be much longer than Emiliani calculated. 

CORRELATION WITH SOLAR RADIATION CYCLES: 
The earth’s orbit has three major periodic 
perturbations, namely the obliquity of the 
ecliptic (40,000 year period), changes in the 
eccentricity of the orbit (92,000 year period), 
and the precession of the equinoxes (21,000 
year period). Each of these periodic changes 
affects the amount of radiation received from 
the sun, and if the sun’s radiation is constant 
then the fluctuations in radiation received by 
the earth at any given latitude may be calcu- 
lated. The cycles and subcycles are factual and 
their periods precise. The mathematical work 
has been done by Milankovitch (1930; 1941), 
and his curve is shown in the right column in 
Figure 2. (See Zeuner, 1952, p. 134-145). The 
curve is for solar radiation in summer at lat. 
65°N. Milankovitch and others postulate that 
warm winters and cool summers are more favor- 
able for glaciation than cold winters and warm 
summers, and the fluctuations of the curve to 
the left indicate the times more favorable for 
glacial stages. 

Zeuner points out that the astronomical 
theory does not afford a cause for the ice age 
but only for fluctuating climates during the ice 
age. It has not yet been demonstrated that the 
variations in radiation received are sufficient 
to effect changes from nonglacial to glacial and 
back to nonglacial. But assuming that the 
fluctuating solar radiations have resulted in the 
Pleistocene climatic changes, it is intriguing to 
compare the recognized glacial stages with the 
radiation curve. Zeuner’s correlation is shown 
on the right of the curve in Figure 2, and the 
writers’ attempt to tie the radiation changes to 
the Saltair core chronology is shown on the 
left. Zeuner is enthused with his attempt and 
writes (1952), 

“,. the succession of minima of summer 
radiation exhibits precisely the same peculiar 
rhythm as does the sequence of glacial phases, 
... It seems very difficult to dispose of this 
confidence by calling it accidental.” 

The writers do not share Zeuner’s confidence 
for several reasons: 

(1) Correlations with the Saltair core chro- 
nology and the deep-sea-core chronology are 
only possible down to and including the Riss- 
Wiirm. Below the Illinoian, correlations are 
very tenuous. Even from the Wiirm up, the 
correlations are somewhat irregular. 

(2) The Great Interglacial of European 
chronology seems nicely illustrated by the 
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radiation curve, but it does not appear on either 
the Saltair core of the deep-sea-core chronol- 
ogies. Possibly the deep-sea-core chronology 
does not go back this far. 

(3) The Kansan or Mindel Glacial is selected 
at a much older time by Zeuner than by 
Emiliani, and this emphasizes the fact that the 
method employed is simply one of opportune 
matching. 

(4) If two glacial substages are needed, the 
geologic record is searched, and somewhere 
it affords the desired substages; they are taken 
to mark the true hemisphere-wide climatic 
record. 

The age of the Pleistocene by the deep-sea- 
core chronology of Emiliani (1958) is 300,000 
years but older according to Broecker ef al. 
(1958); by the astronomical theory 600,000; 
and by the Saltair core chronology 800,000 
years. If the radiation curve correlated well 
with the pulsations observed geologically, then 
the rates of sedimentation and absolute ages 
could be adjusted to the astronomic standard. 
However, the correlations are so poor that the 
writers doubt that the calculated rhythms of 
solar radiation received by the earth have had 
a controlling influence on climatic changes. 

RELATION TO SEARLES LAKE CHRONOLOGY: 
Two lakes are recognized in the upper 220 
feet of cores in the sediments of Searles Lake 
(Flint and Gale, 1958, p. 694). According to 
numerous C* dates, the older lake existed from 
before 46,000 years B.P. through a waning time 
of 32,000 years B.P. to a period of complete 
desiccation somewhat before 23,000 years B.P. 
The younger lake lasted from before 23,000 
years B.P. to approximately 10,000 years B.P. 
This record corresponds very well with the 
Saltair core chronology. Flint and Gale suggest 
that these lakes may correlate with the Tahoe 
(early Wisconsin) and Tioga (late Wisconsin) 
glaciations of the Sierra Nevada. Possibly the 
underlying ‘‘mixed layer” of Searles Lake holds 
the record of the next older lake of the Bonne- 
ville Basin. 

CORRELATION WITH LOWER MISSISSIPPI 
VALLEY CHRONOLOGY: The growth of ice caps 
in a glacial age results in lowering of sea level 
and consequent entrenchment of rivers flowing 
into the ocean. The melting of ice caps results 
in the rise of sea level and the deposition of 
much alluvium in the previously dissected 
valleys. Such cycles of erosion and deposition 
are Clearly indicated in the Lower Mississippi 
Valley. According to Russell (1940, p. 1199), 
Fisk (1951, p. 175), and Fisk and McFarlan 
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(1955, p. 279) five cycles constitute the Pleisto- 
cene and Recent record: 


Recent deposits 
Valley cutting (late Wisconsin) 
Prairie formation 
Valley cutting (early Wisconsin or Iowan (?)) 
Montgomery formation (Sangamon) 
Valley cutting (Illinoian) 
Bentley formation (Yarmouth) 
Valley cutting (Kansan) 
Williana formation (Aftonian) 
Valley cutting (Nebraskan) 


The magnitude of all five stages is about the 
same, according to Fisk, who notes that the 
last two are grouped in the Wisconsin by 


workers in the Upper Mississippi Valley in | 


order to conform to the fourfold European 
classification. He observes that the ocean-level 
fluctuations are the best markers of world-wide 
climatic variations and holds that the fivefold 
chronology of the Lower Mississippi Valley 
is more significant than the Great Lakes record. 

The Saltair core chronology is one of five 
strong cycles. 


RELATION TO BONNEVILLE SHORE 
LINES AND History 


One of the chief objectives when the present | 


study began was the correlation of the lake 
stages as read in the Saltair core with the 
beaches of Lake Bonneville. Hope that the two 
could be related was based on the ostracodes. 
Jones (1955, p. 106) had recognized guide forms 
in the Provo level and post-Provo deposits 
and also in the underlying Alpine silts and 
“green clays,” which are probably not tied to 
existent conspicuous and widespread shore 
lines. Later Jones (Personal communication) 
found distinct forms in the Bonneville level 
deposits, and thus possibly these same guide 
fossils would occur in the core, and the succes- 
sion of lakes established on the grounds of 
superposition could be related to the beaches, 
whose ages are at present controversial. The 
guide ostracodes of the beach deposits and 
underlying lake sediments along the Wasatch 
front were not found in the core, and therefore 
this means of correlation did not materialize. 

On the basis of C“ dates Broecker and Orr 
(1958) suggest that the prominent beaches on 
which calcareous tufa occurs were all formed 
during the last lake stage, namely the late 
Wisconsin or Pinedale. This lake existed from 
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RELATION TO BONNEVILLE SHORE LINES AND HISTORY 


about 25,000 to 12,000 years ago. A tufa col- 
lected from the Provo level (Eardley ef al., 
1957, p. 1171), however, gave a date greater 
than 32,000 years, so that possibly the Provo 
beach was formed by an earlier stand of the 
lake at the Provo level (Provo 1 substage). 
If this is true, an early Wisconsin lake also had 
a part in eroding and building the beaches and 
terraces. 

Study of diatoms and pollen grains might help 
in the correlation problem. Robert C. Bright is 
making a detailed study of the pollen of the 
core at the University of Minnesota. 


CONCLUSIONS 


(1) The writers suggest tentatively that the 
650-foot Saltair core penetrated sediments de- 
posited during the Wisconsin, Sangamon, 
Illinoian, Yarmouth, Kansan, and part of the 
Aftonian stages of the Pleistocene. The several 
times of soil formation represent hiatuses in the 
sedimentary record, but these were probably 
short. 

(2) The Pleistocene is calculated from the 
Saltair core to be about 800,000 years long, 
whereas the deep-sea cores indicate a length of 
300,000 years (Emiliani, 1958). The astronomi- 
cal method indicates 600,000 years. The Saltair 
core age seems as substantial as any, yet it is 
very tenuous and is posted simply for future 
consideration. 

(3) No relation of the pluvial stages of the 
cores to the Lake Bonneville beaches could 
be established. 

(4) There is little firm evidence by which 
to correlate pluvial stages with Rocky Moun- 
tain glacial stages, although Flint and Gale 
(1958) believed that the two lakes of the Wis- 
consin correlate with the Tioga and Tahoe. 

(5) Additional short cores to 50 feet should 
be taken and studied to refine the interpreta- 
tions of the Wisconsin. At least two more deep 
cores of the Great Salt Lake Basin and two of 
the Great Salt Lake Desert basin should be 
pcocured to support the interpretations of the 


| Saltair core. 


(6) The Pearlette tuff at 548 feet is a sig- 


| nificant time marker, and, according to the 


succession of lakes recognized in the core, is 
early Kansan. 

(7) Five major pluvial cycles are recognized, 
and these correlate well with the Lower Mis- 
sissippi Valley chronology. 
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ABSTRACT 


Amber is widespread in association with coal and carbonaceous shale in probable 
equivalents of the Chandler and Prince Creek formations that crop out in the Kaolak 
} River, Ketik River, and Kuk River valleys of the Alaskan Arctic Coastal Plain. Re- 
worked amber is ubiquitous in recent stream deposits and in the Pleistocene Gubik for- 
mation. Fossil insect inclusions are rare, but as least four species representing the families 
Heleidae, Empididae, Eulophidae, and Ceraphronidae are present. The amber is gener- 
ally associated with taxodiaceous fossils and is thus considered of taxodiaceous origin. 
Marine fossils appear to be absent from the amber-bearing sequence. Thus biostrati- 
graphic and time-rock correlation rests entirely on abundant plant megafossils and micro- 
fossils. ‘Two floras occur with the amber. The older Kuk River flora is composed pre- 
} dominantly of gymnosperm remains and is considered Early Cretaceous. The younger 
Kaolak River flora, however, consists predominantly of angiospermous megafossils and 
gymnospermous microfossils. Thus it may be either Early or Late Cretaceous. 
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this material was originally derived are un- 
known. No insects have been found in the abun- 
dant Late Cretaceous amber of the Atlantic 
Coastal Plain of North America. Other re- 
ports indicate that the amber is rare in Cre- 
taceous rocks and is either badly fractured or 


INTRODUCTION AND ACKNOWLEDGMENTS 
Amber from Cretaceous rocks of the Alaskan 
Arctic Coastal Plain is of interest because of its 
age and because it is a potential source of 
fossil insects. Several large assemblages of 


fossil insects are known from amber deposits 
of Late Eocene and younger Tertiary age 
scattered around the world. Many fossil insects 
have been described from the Jurassic Solen- 
hofen limestone and from Pennsylvanian and 
Permian rocks. Although Carpenter and others 
(1937) described a few insects of presumed 
Late Cretaceous age in amber from the beaches 
of Cedar Lake, Alberta, the rocks from which 


altered. Thus the few fossil insects so far re- 
covered from the Cretaceous rocks of Alaska 
are unique records of Early Cretaceous insect 
life and proof of the preservation of such fossils 
in ancient amber. 

Paleontologic data bearing on the age of the 
fossil insects show striking differences in the 
composition of the megafossil and microfossil 
floras. The younger of the two floras accom- 
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FicureE 1.—Co.LiectinGc LOCALITIES 


IN THE Kuk RIvER DRAINAGE BASIN 


Base modified after sheets F19, G19, and G20, preliminary maps, Naval Petroleum Reserve No. 4 and 
after Utukok River and Wainw right quadrangles, Alaska Reconnaissance Topographic Series, Ed. 1951 


panying the amber consists predominantly 
of angiosperm megafossils and gymnosperm 
microfossils. Inasmuch as Late Cretaceous 
floras are generally distinguished from Early 
Cretaceous floras by dominance of angiosperms 
and gymnosperms respectively, the foliage 
might be considered Late Cretaceous and the 
microfossils Early Cretaceous. Both mega- 
fossils and microfossils, however, are derived 
from the same rocks and presumably are of the 
same age. We believe that this paradox is 
best resolved by maintaining a strict distinction 


between conceptual biostratigraphic units 
which describe the distribution of fossils in 
rock strata and the time-rock concepts based on 
such units. 

Occurrence of amber in bedrock on the Arc- 
tic Coastal Plain of Alaska was verified during 
the‘ summer of 1955 by Usinger and Smith 
(1957; Hurd and others, 1958). These workers 
also found a piece of amber containing several 
insects on a beach near the head of Kuk Inlet 
near Wainwright, Alaska. They discovered the 
localities yielding well-preserved amber from 
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INTRODUCTION AND ACKNOWLEDGMENTS 


bedrock exposures on the Ketik River only a 
few days before the end of the field season, 
and these localities therefore were not thor- 
oughly explored. Previous bedrock collections 
from the Killik Bend of the Colville River 
consisted of small pieces of shattered amber. 
Material collected from beaches and_ bars 
along the Kuk and Colville rivers was of un- 
known stratigraphic position. Thus two major 
problems remained at the end of the 1955 
field season—obtaining detailed information on 
the stratigraphic range of the amber and col- 
lecting sufficiently large quantities of amber to 
insure obtaining a representative insect fauna. 
Langenheim and Smiley, therefore, undertook 
field work to this end during the 1956 field 
season. 

Examination of reports by Webber (1947, 
U. S. Geol. Survey open-file report) and 
Stefansson and Mangus (1949, U. S. Geol. 
Survey open-file report) and consultation with 
Usinger and Smith as well as with George O. 
Gates of the Alaskan Branch of the U. S. Geo- 
logical Survey led to a program of traversing 
as much of the Kaolak River as _ possible, 
followed by trips up the Avalik and Ketik 
rivers, and examination of exposures in Kuk 
Inlet (Fig. 1). The Kaolak River was selected 
for the major effort because it was the only 
tributary of the Kuk River not examined by 
U. S. Geological Survey geologists during the 
1944-1953 examination of Naval Petroleum 
Reserve No. 4. The Kaolak River flows through 
generally higher country than the Ketik or 
Avalik rivers and thus would be expected to 
offer more bedrock exposures. Aerial reconnais- 
sance verified the latter assumption, and on 
July 11, 1956, Langenheim, Smiley, and Clay 
Kaigelak (an eskimo guide) were flown to an 
oxbow lake at lat. 69° 48” N. (approximate) 
on the east side of the Kaolak River. From. the 
point of landing to the mouth of the Kaolak 
River we searched all 28 cutbank exposures 
for amber, measured and described strati- 
graphic sections (Fig. 2), and examined 11 
gravel bars for amber. On August 1 and 2, 
supplies and an outboard motor were flown in, 
and the accumulated collections were flown to 
Point Barrow. Thereafter, we explored the 
Ketik River to lat. 70° 2’ N. (approximate) 
and the lower 4 miles of the Avalik River; 
we measured and examined 4 cutbank ex- 
posures and obtained 6 gravel-bar collections. 
The party then proceeded down the Kuk River 
to Nasiksugvik, a prominent lookout point 
near camp 23. We measured and examined 
three cutbanks and obtained one gravel-bar 


1347 


collection on the upper Kuk River but could 
not examine the extensive coal exposures on 
the shores of Kuk Inlet because our outboard 
motor failed. 

These studies were aided by a contract be- 
tween the Office of Naval Research, Depart- 
ment of the Navy and the Arctic Institute of 
North America. The field party is especially 
grateful to Ira Wiggins, director of the Arctic 
Research Laboratory during the summer of 
1956, and to his staff for their many invaluable 
suggestions and their efficient logistic support. 
Thanks are also due Wesley Ikak for trans- 
porting the party to Wainwright. We also 
wish to thank R. L. Usinger and R. F. Smith 
for initiating the project and inviting our par- 
ticipation. George O. Gates, George Gryc, 
and their staff supplied information, maps, 
and reports concerning U. S. Geological Survey 
work in the area. R. W. Chaney, J. W. Dur- 
ham, W. L. Fry, J. H. Langenheim, R. L. 
Usinger, and R. F. Smith have read and criti- 
cized the manuscript, and their assistance is 
gratefully acknowledged. The authors, how- 
ever, assume full responsibility for the form 
and content of the paper. Illustrations were 
prepared by Stephen Chen and Owen Poe. 


GEOLOGY OF THE KuK RIVER 
AMBER DEPOSITS 


General Statement 


Cretaceous rocks form a broad asymmetric 
synclinorium between the Brooks Range and 
the northern coast line of Alaska in the Arctic 
Coastal Plain and Arctic Foothills physio- 
graphic provinces (Payne and others, 1951). 
Rocks in the Coastal Plain province dip gently 
southward, those of the Northern Foothills 
section generally form open Appalachian-type 
folds, and those of the Southern Foothills 
section are intensely folded and thrust-faulted 
(Payne and others, 1951). Rocks seen by our 
party in the Northern Foothills section and 
coastal plain, however, all dip less than 5°, 
and discontinuous outcrops prevented effec- 
tive mapping of structural features, even 
though several reversals of dip were noted. 

The best rock exposures are in cutbanks 
formed where streams reach the bounding 
bluffs of their flood plains, but resistant sand- 
stone ledges also form scattered outcrops in 
the river channels or bordering the flood plain 
for short distances. Outcrops are limited in 
extent, however, except along Kuk Inlet, and 
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GEOLOGY OF THE KUK RIVER AMBER DEPOSITS 


streams. Postdepositional uplift of the coastal 
plain might be the most obvious hypothesis, 
were it not for the drowned drainage pattern 
of the Kuk River. Thus the flood-plain de- 
posits and coastal-plain gravel probably repre- 
sent two episodes of Pleistocene deposition. 
Pleistocene flood-plain sediments in the 
Northern Foothills section consist of gravel, 
coarse to fine sand, and silty clay. Charac- 
teristic exposures have granule to cobble 
gravel composed largely of subrounded to 
rounded flint with minor amounts of sub- 
angular to subrounded sandstone fragments 
at the base. The sandstone fragments are iden- 
tical to sandstone in the underlying Creta- 
ceous rocks and are therefore presumably of 
Cretaceous, and probably local, origin. Flint, 
however, is not known to occur within the 
present Kuk drainage basin and is probably 
derived from the Brooks Range. The basal 
gravel is as much as 15 feet thick and is gener- 
ally gradationally succeeded by coarse sand 
containing isolated pebbles. The sand is grada- 
tionally succeeded by silty clay in some of 
the thicker exposures. Cross-bedding is promi- 
nent in the sand and conglomerate, and scour 
and fill structures are widespread. Bones of 
extinct mammals and well-preserved logs up 
to 8 inches in diameter occur at several local- 
ities and indicate the Pleistocene age of these 
sediments. All the fossil-bearing Pleistocene 
exposures our party examined were uncon- 
solidated, and, therefore, lack of consolidation 
is employed as a criterion for Pleistocene age 
in this study. Exceptions to this rule, however, 
occur at localities 41, 48, and 50, where un- 
consolidated sand crops out beneath fossil- 
iferous Cretaceous sandstone or well-consoli- 
dated sandstone of presumed Cretaceous age. 
Also a well-cemented, strongly cross-bedded 
conglomerate at locality 34 is assigned to the 
Pleistocene because it differs radically in its 
coarseness and cross-bedding from the Cre- 
taceous rocks along the Kaolak River. 


Cretaceous Rocks 


Gray to black shale constitutes more than 
75 per cent (estimated) of the Cretaceous rock 
in the Kuk drainage basin. Relatively thin 
layers of sandstone, coal, bentonite, and con- 
cretionary beds make up the remainder of the 
Cretaceous sequence (Fig. 2). The shale ranges 
from light gray to black, is noncalcareous, and 
contains scattered fragments of coaly material 
and amber. Much of the coal and amber is 
undoubtedly derived from interbedded thin 
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coal beds or carbonaceous shale layers and 
has been mixed with shale in slumping. Some 
coaly material and amber, however, appear to 
be scattered through the clay rock as originally 
deposited. 

Sandstone is the next most abundant rock 
in the Cretaceous of this area and, because of 
its greater resistance to weathering, is the 
best exposed of the Cretaceous sequence. 
Fine- to medium-sized grains of subangular 
quartz with lesser amounts of feldspar, coal, 
limonite, and accessory minerals make up 
almost all the sandstone. Coarse sandstone is 
rare, and conglomerate has not been found 
within outcrops identified as Cretaceous. Most 
of the sand is moderately well cemented to 
well cemented with a calcareous, ferruginous 
matrix, but some is poorly cemented or loose. 
The sandstone is dark gray on fresh surfaces 
but weathers to buff gray or rusty buff. In 
general the color of the mass clearly results 
from a blend of transparent quartz, black coal 
and dark accessories, yellow limonite, whitish 
feldspar, and gray to brown matrix. Many 
specimens, however, have a “salt and pepper” 
aspect. Cross-bedding and scour and fill 
structure are widespread, but ripple marks are 
rare. The lenticular sandstone bodies are 
almost all less than 10 feet thick, and many of 
them thin out within a single cutbank outcrop. 

Coal and carbonaceous shale are next in 
abundance and are conspicuous because they 
are black or gray. The coal is generally black 
with vitreous or dull luster and conchoidal 
fracture. Material on the outcrops is badly 
slacked. Much of it is finely laminated and 
formed of alternating layers of vitreous and 
dull coal up to 2 mm thick; the dull laminae 
are further laminated in layers approximately 
0.1 mm thick. Coal of this type grades to dull 
argillaceous coal and then to carbonaceous 
shale. 

Bentonitic clay and bentonite are wide- 
spread in the Kuk drainage basin. Relatively 
pure bentonite cropping out at localities 19 
and 29 consists of white, puttylike material 
containing visible biotite flakes. Elsewhere 
bentonite outcrops are badly slumped or under 
water, and it is not apparent whether the 
bentonite is relatively pure or mixed with 
shale. Bentonite is considered characteristic 
of the Colville group and occurs in the upper 
part of the Nanushuk group (Gryc and others, 
1951; 1956). 

Calcareous concretions and nodular lime- 
stone layers are conspicuous though quanti- 
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tatively unimportant in the Cretaceous rocks. 
Characteristically this material is very fine- 
grained and has conchoidal fracture. Con- 
cretionary rock is black on fresh surfaces but 
weathers rusty brown. Some samples of the 
rock effervesced weakly, others freely, in cold 
dilute hydrochloric acid. Thus the concretion- 
ary rock is siderite or calcite-cemented clay. 


AMBER 
Geological Occurrence of Amber 


Amber is widespread, occurring in most of 
the Cretaceous outcrops on the Kaolak and 
Ketik rivers. No amber was noted on bedrock 
exposures along the Kuk River, but only three 
outcrops were examined; only locality 54 was 
studied in detail, but a thorough search of 
this large outcrop failed to uncover any amber. 
Characteristically amber is concentrated on 
the surface of the ground at and immediately 
downslope from coal outcrops. Thickness of 
the coal is not a factor in controlling abundance 
of amber, and in many instances thick coal 
layers (4-5 feet) yield little or no amber (local- 
ities 23, 26, 35, 54), while very thin layers 
(6 inches to 1 foot) are relatively rich (localities 
16, 25, and 14). We could not determine 
whether amber occurs in noncoaly shale 
because of slumping in the soft poorly con- 
solidated rocks, but we found some amber on 
shale outcrops that apparently were unrelated 
to coal beds. We found a few pieces of amber 
imbedded in coal, and in a few instances the 
coal appeared to show woody texture. No 
amber was seen in sandstone. Thus we conclude 
that the amber occurs only in association with 
coal or carbonaceous sediments and was 
originally deposited in company with woody 
debris. 

Amber is ubiquitous in recent river gravel 
and sand along the entire traversed portion of 
the Kuk drainage basin. Almost every sand 
bar examined yielded at least one piece. The 
amber is rather well segregated because its 
specific gravity is very close to 1.0, and small 
fragments as much as half an inch in diameter 
are concentrated in windrows of waterlogged 
twigs, grass, and caribou droppings along the 
water line. Large particles as much as 2 inches 
in diameter are relatively abundant in accumu- 
lations of twigs, wood, and caribou droppings 
deposited at the site of eddies formed on bars 
by willow stumps, large rocks, or dunelike 
masses of gravel. Similar accumulations also 
occur in the lee of the flood-plain banks where 
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high water sweeping over the flood plain re- 
enters the main channel. These latter accumu- 
lations, when excavated by pick mattock, 
yielded the largest individual collections 


obtained. A relatively few large fragments of | 


amber are scattered over flat bars in essentially | 
straight stretches of the river where they | 


apparently were stranded by falling water. 


Their scarcity suggests that the circumstances 


of their deposition may have been unusual. 

All the amber, approximately 2 cubic feet 
packed loose, was collected piece-by-piece 
from the kinds of places described. We at- 
tempted to separate amber and vegetation by 
means of a sluice box, as laboratory experi- 


ments with bulk collections of organic debris | 


indicated that vegetation could be floated 
away from the amber. This technique failed, 
however, because the vegetable debris in the 
field was invariably wet and of approximately 
the same specific gravity as the amber. It was 
not practical to dry large masses of water- 
soaked debris in the field. 


Character of the Amber 


Clear amber from this area ranges from light 
golden yellow to deep red and almost to black. 
Much is opaque and resembles dried pine gum. 
Most clear amber is crack-free and has sub- 
conchoidal to conchoidal fracture, but the 
opaque amber is generally granular. Most 
clear pieces contain no bubbles or debris, but 
small bubbles and/or small plant fragments 
are abundant in some specimens. These im- 
purities are characteristically distributed in 
flow layers or bands. Most unbroken speci- 
mens are small (an eighth of an inch in diam- 
eter) teardrop masses, subcylindrical pieces 
up to a quarter of a inch in diameter, or 
irregularly mammillary blobs. The teardrops 
appear to have fallen from a tree branch into 
standing water, and the cylinders are 
apparently broken from frozen runnels of sap 
attached to the surface of a branch. These 
cylinders are longitudinally striated in a flow 
pattern. The mammillary blobs include speci- 
mens with a sagging pattern of striations and 
bulges on one side and an apparent attachment 
scar suggesting bark patterns on the other. 
All these shapes indicate that the amber 
originated as a sticky viscous liquid exposed 
to the atmosphere. Several occurrences of 
amber in coal with woody texture, however, 
indicate that at least part of the amber was 
derived from gum caught in pockets within 
the trunks of trees and was, therefore, not in a 
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AMBER 


position to trap insects or wind-blown plant 
debris. 


Fossils in the Amber 


Although shreds of plant debris are wide- 
spread, identifiable insect inclusions occur in 
less than 0.1 per cent of the amber particles 
larger than 2 mm in diameter. We assume that 
some of the amber accumulated as gum pocks, 
within tree trunks, but the abundance of flow- 
marked amber requires an additional ex- 
planation for the scarcity of insects. Possibly 
insects were not abundant in the amber-pro- 
ducing forest, or the sap may have flowed at a 
season of relatively low insect population, or 
most of the insects of the amber forest may not 
have been highly mobile. 

The following insects, tentatively identified 
by R. L. Usinger and R. F. Smith, have been 
recovered from amber at the indicated lo- 
calities: 

Cretaceous bedrock at locality 21: 

Fly of the family Heleidae 

Placer accumulation approximately 5 miles 

north of locality 54 on the west side of Kuk 

Inlet at Pugnik Beach. All specimens of the 

first two species here listed from this locality 

are preserved in a single piece of amber: 
One fly of the family Empididae 
Four specimens representing a new genus 
and species of the family Eulophidae 
(Chalcidoidea) 
One specimen of a new genus of parasitic 
wasps in the family Ceraphronidae. 


MARINE INVERTEBRATE FOSSILS 


The only marine invertebrate fossil found 
was a single, fragmental Ostrea collected from 
soil at the top of the cutbank at locality 19. 
This specimen was not necessarily derived 
from bedrock at that locality, and it is specif- 
ically indeterminate. 


PALEOBOTANY 
General Statement 


Plant megafossils are widespread, and leaf 
impressions and cones occur in quantity at 
many outcrops. Most of the imprints are found 
in calcareous nodules or concretions, in some 
cases disposed in concentric layers, as in mud 
balls. Impressions in the sandstone members 
are rare and generally indistinct, and none 
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occur in the soft shale. Fossil wood is also 
locally abundant but is not well preserved. 
Plant microfossils, including at least 50 differ- 
ent species of microspores, megaspores, pollen, 
and algal-like forms similar to Tetraedron and 
Cosmarium, have been recovered from 20 
macerated coal and shale samples. Many of 
the species, however, are rare or localized in 
distribution. 


Fossil Foliage 


Two floral types are recognized on the basis 
of the 19 megafossil florules studied. One, 
characterized by Podozamites, includes plant 
remains from localities 1, 2, 5, and 9 at the 
south end of our traverse, and from our northern- 
most locality, 54. This genus is also present at 
localities 14, 15, and 16 in florules that are 
considered of transitional character. Plants 
most commonly associated with Podozamites 
are the large-needled conifer Cephalotaxopsis 
magnifolia and ferns of the genus Asplenium. 
Baiera and Ginkgo also occur in the northern- 
most florule as does Nageiopsis. Angiosperm 
impressions are rare at localities 2, 5, and 54, 
and taxodiaceous conifers, though present, are 
subordinate. This Podozamites flora is desig- 
nated the Kuk River flora on the basis of its 
representation at locality 54 and contains the 
following genera: 


Asplenium ?Ficus 

Baiera Ginkgo 

Cephalotaxopsis Nageiopsis 

Cladophlebis Podozamites 

Credneria Protophyllocladus 

Dalbergites Taxodium or Paratax- 
odium 


The second floral type is distinguished by an 
abundance of Platanus-like foliage and the 
taxodiaceous conifers Glyptostrobus, Sequoia, 
and Taxodium or Parataxodium. Regional 
relationships indicate that this latter flora 
occurs stratigraphically above the Kuk River 
flora. Angiosperm-conifer florules occur in the 
middle part of the traverse at localities 18, 19, 
21, 26, 28, 34, and 35. Plants indicative of this 
floral type occur also in the southern tran- 
sitional florules and in the northern transitional 
florules at localities 44 and 50 (Fig. 1). Common 
associates are the conifer Elatocladus (perhaps 
Torreya) and the angiosperm Cercidiphyllum. 
Podozamites, Cephalotaxopsis, ferns, and gink- 
goids are rare or absent at the intermediate 
localities. This flora is designated the Kaolak 
River flora based on the several localities along 
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that river and contains the following genera: 


Cercidiphyllum Populites 
Elatocladus (perhaps Sequoia 
Torreya) 
Glyptostrobus Taxodium or Par- 
ataxodium 
Laurophyllum Viburnum 
Platanophyllum 


The floral change recognized in the Kaolak- 
Kuk area appears to have a rough parallel in 
Cretaceous rocks of the Colville River valley. 
Here Arnold (1952) reports a gymnospermous 
flora with abundant Podozamites in the Lower 
Cretaceous Nanushuk group and a taxodiaceous 
conifer-angiosperm flora lacking Podozamites 
in the Upper Cretaceous Colville group. This 
floral development from gymnospermous to 
angiosperm-taxodiaceous conifer aspect seems 
to have occurred regionally and is of sufficient 
magnitude to serve as a_ biostratigraphic 
datum. The Nanushuk flora appears somewhat 
older than the Kuk River flora because of the 
association in the former of the cycad Nilssonia 
with Podozamites, but the Kuk River flora is 
still considered of Early Cretaceous age (per- 
haps Aptian or Albian). The flora of the Col- 
ville group is approximately equivalent in 
composition and age to the Kaolak River flora 
which is perhaps Albian or Cenomanian. 

On the west, the nonmarine Corwin for- 
mation, as restricted by Sable (1956), re- 
portedly contains Ginkgo digitata (Brongniart) 
Heer, G. laramiensis Ward, Cladophlebis 
browniana (Dunker) Seward, Nilssonia serotina 
Heer, and Asplenium foersteri Debey and 
Ettingshausen. Thus the Corwin flora appears 
equivalent to both the Kuk River flora and the 
Nanushuk flora. 

Accordingly, the plant-bearing rocks of the 
Kuk drainage basin are considered to range in 
age from late Early Cretaceous (perhaps 
Aptian or Albian) to early Late Cretaceous 
(Albian or Cenomanian). In the Kuk drainage 
basin transitional florules at localities 14, 15, 
and 16 at the south and localities 44 and 50 
at the north contain a mixture of genera 
characteristic of both the Podozamites and 
angiosperm-taxodiaceous conifer floras. This 
record of gradual floral change suggests that 
sediments were deposited here without any 
appreciable discontinuity sometime between 
the Aptian and Cenomanian. An Aptian age, 
however, seems unlikely in view of the fact 
that no verified occurrences of Aptian rocks 
are known in this area (Imlay and Reeside, 
1954). Concentration of the older florules at 
the northern and southern ends of the area, 
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with younger florules in the middle, suggests a 
local syncline superimposed upon the major 
synclinal structure in the Arctic Coastal 
Plain province and in the Northern Foothills 
section of the Arctic Foothills province (Payne 
and others, 1951). 


Plant Microfossils 


Many of the plant microfossils are not yet 
identified, but distinctive morphologic features 
make it possible to separate them readily into 
characteristic pteridophyte spores and pollen 
of gymnosperm or angiosperm origin. The 
relative abundance of microfossils in each 
group can be determined because they are 
numerous in samples from many localities. 

Gymnosperm pollen is generally most 
abundant in all samples for which population 
counts were made; this includes localities of 
both the Kuk River and Kaolak River floras. 
Pollen of conifers, ginkgoes, and the extinct 
Caytoniales is included. With the exception of a 
single sample, angiosperm pollen of a type 
characteristic of dicotyledons is least abundant 
and is absent or forms a minor element in the 
microfossil floras. No genera or species have 
yet been identified. With a single exception, 
spores are more plentiful than dicotyledonous 
pollen and in a few instances are more abun- 
dant than gymnosperm pollen. Most of the 
spores are unidentified, but some have been 
tentatively related to the Polypodiaceae 
(Laevigatosporites type), the Osmundaceae 
(Osmunda?), and the Schizaeacae (Mohria? 
and Lygodium?). 

Microspore populations in more than half 
of the transitional samples and those associ- 
ated with the Kuk River flora are characterized 
by predominance of gymnosperm pollen over 
pteridophytic spores. In the remaining spectra 
from localities 8, 13, and 54, however, spores 
are slightly more abundant than pollen. Winged 
conifer grains of the Picea and Pinus type are 
the most conspicuous gymnosperm elements 
and occur throughout the area. With the 
exception of the occurrence of 54 per cent 
bladdered grains in sample 26, they are very 
abundant, however, only in association with 
the Kuk River flora or in transitional rocks. 
Locality 26 is associated with the Kaolak 
River flora. 

Small pinelike grains are also present in 
most spectra and are somewhat abundant in 
Kuk River and transitional samples, especially 
3, 4, and 16. Grains of the same sort were first 
related to the Caytoniales by Thomas (1925) 
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who found them within the caytonialean 
microsporophyll, Antholithus arberi, from the 
Jurassic of England. Harris (1941) instituted 
the name Caytonanthus for the pollen-bearing 
structures and delimited three species for 
microsporophylls and microspores of the 
Caytonanthus type from the Jurassic of England 
and Greenland. The Alaskan specimens so 
closely resemble these microspores in mor- 
phology and size as to leave no doubt of their 
relationship, but they appear distinct from the 
species described by Harris. Caytoniales 
pollen has also been recorded from the Keuper 
of Poland (Pautsch, 1958), Rhaetic-Liassic of 
Sweden (Thomas, 1925; Seward, 1931), and 
Lower and Upper Cretaceous of Russia (Zauer 
and Mschedvischvili, 1954). J. L. Browning, 


' (1958, personal communication) also reports 


pollen of the same type as abundant in Alaskan 
Jurassic rocks. 

Pollen similar to that of some living members 
of the Podocarpaceae occurs in subordinate 
amounts among all Kuk River and transitional 
microfossil floras, but reference of this mate- 
rial to the podocarps is only tentative. Grains 
of the “taxodiaceous type,’’ probably repre- 
senting several genera or even families, are pres- 
ent but abundant in only a few places in 
most Kuk River and transitional populations. 
More than 45 per cent of taxodiaceous pollen 
in sample 4 is, however, an exception to the 
general rarity of this material in the Kuk 
River and transition populations. Pollen of 
the Ginkgoales also occurs as a minor con- 
stituent in most spectra from the older rocks. 

Spore content differs considerably between 
populations in the Kuk River and transition 
rocks. Most abundant and widespread are 
smooth, reniform monolete Laevigato-sporites 
type and simple, psilate, trilete types sug- 
gesting Polypodiaceae and/or Gleicheniaceae. 
Osmunda-like spores are associated in micro- 
fossil floras from localities 4, 8, 16, 35, and 54, 
and grains characteristic of the Schizaeaceae, 
a family now chiefly tropical American in 
distribution, occur in samples 4, 8, and 16. 
Microspores similar to the Alaskan fossils are 
found among several schizaeaceous genera, at 
least two of which appear to be represented 
among the Cretaceous material. Rare speci- 
mens of the Mohria type have also been noted 
in Kaolak River samples 19 and 25, although 
they are abundant only at locality 8 which is 
in the area of the Kuk River flora. Spores of 


the Lygodium type are confined to transitional . 


samples 16 and 44, and questionable specimens 
occur at locality 8. 
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If present, dicotyledonous pollen generally 
amounts to less than 3 per cent of the micro- 
flora, although more than 13 per cent is present 
in one sample from the area of the Kuk River 
flora at locality 8. This occurrence, however, is 
discredited because angiosperm pollen is 
nowhere else so abundant and because most 
of the grains are of the same morphologic type. 
Thus, some of the dicotyledonous pollen at 
locality 8 is probably derived largely from a 
plant living in the area today and represents 
contamination of the sample. Angiosperm 
pollen from all the rock samples is three- 
furrowed and simple with a smooth or reticu- 
lated surface pattern. 

In samples associated with the Kaolak River 
flora gymnosperm, pollen and spores are almost 
equally abundant, although pollen is slightly 
more plentiful at localities 21, 23, and 26. 
“Taxodiaceous-like” pollen is far more 
numerous in spectra from localities 19, 21, and 
23 than winged grains of the Pinaceae and 
Podocarpaceae, but the reverse condition 
obtains in population 26. Where present the 
Caytoniales and Ginkgoales are a minor 
element in the Upper Cretaceous microfossil 
floras. Angiosperm pollen is scarce as in the 
underlying rocks except at locality 23 where it 
still constitutes less than 5 per cent of the 
population. Simple, smooth, monolete and 
trilete spores are most abundant among the 
pteridophytes, as in the underlying transition 
and Lower Cretaceous rocks. 


Comparison of Megafossil and Microfossil 
Floras 


Differences and similarities between the 
megafossil and microfossil floras may be pointed 
up through a brief comparison. Only two genera 
of fern megafossils occurring at five Kuk River 
and transitional localities are noted. These 
genera have affinities with the Osmundaceae 
and Polypodiaceae, and possibly both are 
represented by the microfossils that appear to 
be related to these families. The wide dis- 
tribution and general abundance of spores 
indicate that ferns and fern allies were wide- 
spread and diverse in this area during dep- 
osition of both the Kuk River and Kaolak 
River floras. Their foliage, however, apparently 
is largely unpreserved. 

Nageiopsis, Podozamites, and Elatocladus 
among the megaflora gymnosperms are of 
unknown affinities, but the remaining gymno- 
sperms are members of the Ginkgoales, Cepha- 
lotaxaceae, and Taxodiaceae. Pollen repre- 
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senting the latter groups is probably present 
in the microfloras, and a great abundance of 
taxodiaceous-like grains parallels the abundance 
of taxodiaceous foliage in the Kaolak River 
flora. None of the megafossil floras, however, 
contains species referable to the single most 
abundant and conspicuous microfossil element, 
the Pinaceae, nor is there evidence of the 
presence of the Caytoniales. Both pine and 
spruce, or closely related plants, must have 
been abundant in the Alaskan Cretaceous 
vegetation according to their microfossil 
occurrence, and thus their absence in the 
megafloras is conspicuous. The Caytoniales, 
represented by Sagenopteris, are widespread 
in Early Cretaceous megafossil floras else- 
where and would be expected in rocks of this 
age in northern Alaska. We cannot be certain 
how persistent this group may have been after 
the Early Cretaceous, but caytonialean pollen 
is such a minor element in association with the 
Kaolak River flora that the group was probably 
becoming extinct in this area at the time of 
deposition. 

Nothing comparable to the angiosperm- 
conifer florules in the Kaolak River flora is 
present in the accompanying microfossil floras 
where dicotyledonous pollen is scarce or absent 
in all samples. No resemblance was noted 
between any of the fossil grains and Recent 
pollen either of angiosperm genera represented 
by fossil leaves or of Recent related genera. 
The floristic similarity between the megafossil 
floras and microfossil floras is thus not pro- 
nounced, nor are the microfossil floras closely 
related floristically to other microfossil floras 
of similar age to which they have been com- 
pared. This is of limited significance, however, 
because few Mesozoic pollen floras are known 
from high northern latitudes. The presence of 
abundant conifer pollen with affinities with 
the Pinaceae and Taxodiaceae? and of some 
dicotyledonous pollen as a minor element in 
these microfossil floras does, however, pose an 
interesting problem. Arnold (1952) pointed 
out that in this general area, “In distinguishing 
between Upper and Lower Cretaceous on the 
basis of plant remains, the criterion is mainly 
the relative abundance of dicotyledons and 
other plant types.” This criterion has also had 
wide application elsewhere. Thus, correlation 
has been based on assigning floras with an 
insignificant angiosperm content to the Lower 
Cretaceous and those dominated or wholly 
composed of dicotyledonous plants to the 
Upper Cretaceous. On this basis, megafossil 
florules from localities 14 through 50 have been 
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designated transitional or Late Cretaceous in 
age (perhaps Albian or Cenomanian). If the 
microfossil floral evidence from the same 
localities and from other localities in the same | 
stratigraphic sequence is considered alone and } 
according to the same standard, the conclusion | 
is that these rocks may be as young as late 
Early Cretaceous but cannot be Late Cre- 
taceous. These correlations are further sup-! 
ported by consideration of the known oc- 
currences of some of the specific elements of 
both the microfossil and megafossil floras. 

The differences in composition between the 
Kaolak River megafossil flora and associated 
microfossil flora require explanation. Many of 
the fossil pollen grains and spores could not} 
have been derived from any of the plants in| 
the megafossil flora. Many leaves are not 
represented by plant microfossils. Many causes 
may contribute to these differences; the fol- 
lowing are of possible importance: inadequate 
collections, misidentification of fossils, failure 
of preservation or selective preservation during 
fossilization, differential destruction of pollen 
during extraction, differences in dissemination 
of megascopic and microscopic plant parts, 
and variation in the number of leaves and 
microspores produced by different plants. 

Our collections should be adequate. We 
searched every available outcrop for leaf 
fossils, obtained rock specimens from several 
beds at most outcrops, and sampled most of 
the coal beds. We obtained microfossils in large 
quantity from most of these collections. Thus 
all abundant species should be represented in 
our collections. Misidentifications of fossils 
also seem a minor factor, because most of the 
leaves or the spores would have to have been 
incorrectly identified to produce the observed 
conflict. 

Leaves and other megascopic plant parts 
may not be preserved for many reasons. The 
plants may grow in an unfavorable location in 
regard to basins of deposition, or growth 
habits may largely prevent dissemination. 
The leaves may remain attached to the plant 
until they rot, or leaves and other organs may 
decay readily. These causes could account for 
the rarity of fern and fernlike foliage in com- 
parison to the abundance of spores produced 
by these plants. The tremendous number of 
spores produced by modern ferns having 
relatively little foliage suggests that spores of 
ancient Pteridophyta should be much more 
abundant than leaves in sediments. Pollen of 
Cercidiphyllum, Populus, and members of the 
Lauraceae is thin-walled and delicate. Thus, 
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if the pollen of the ancient and living plants is 
similar, possibly, microspores of Cercidiphyllum, 
Populites, and Laurophyllum were not pre- 
served or were destroyed in the extraction 
process. Pollen from plants pollinated by 
agents other than wind may not reach the 
sites of sedimentary accumulation. Further- 
more, entomophilous plants produce smaller 
amounts of pollen in proportion to the per- 
fection of their adaptation to entomophily. 
This is significant because the nearest living 
relatives of Dalbergites and Viburnum and some 
members of the mulberry family, to which the 
genus Ficus belongs, are insect pollinated. The 
absence of platanaceous pollen belonging to 
Credneria and Platanophyllum is more difficult 
to explain, because living sycamores produce 
large amounts of light, wind-borne pollen. 
Finally, the pollen of some Cretaceous angio- 
sperms may be so different from pollen of their 
modern counterparts that generic identification 
of these fossil pollen grains is unlikely. 

The great abundance of coniferous pollen 
grains, particularly pinaceous types, in our 
collections may result in part from the enormous 
pollen production of these trees and the adap- 
tability of their microspores to wind dissemi- 
nation over wide areas. Therefore pine and/or 
spruce forests growing on uplands and unlikely 
to supply foliage to deposits of nearby lowland 
basins could contribute large quantities of 
polien to sediments characterized by plant 
megafossils representative of the lowland 
environment. The presence of Platanophyllum 
and Taxodium or Parataxodium in our foliage 
collections reinforces this hypothesis. 


CONCLUSIONS 


If current assumptions concerning the time 
at which angiosperms became dominant over 
gymnosperms are accepted, the megafossil 
flora is most readily interpreted as Late Cre- 
taceous, but the associated microfossil flora 
should be considered Early Cretaceous. Inas- 
much as the leaves probably could not be 
significantly younger than the pollen and 
spores, the basic assumption that an angio- 
sperm flora is Late Cretaceous and a gymno- 
sperm assemblage is Early Cretaceous must be 
critically evaluated. Heretofore distinction 
between rocks of these two ages has been 
exclusively based on evidence from leaf fossils. 
As a result, correlations have been precise and 
consistent insofar as available collections are 
dominated either by angiosperms or gymno- 
sperms. Some mixed assemblages introduce 
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qualifications, but correlation has been 
generally satisfactory. These correlations are 
statements of the similarity or dissimilarity of 
leaf-fossil collections and are not per se cor- 
relations of like or unlike prehistoric plant 
assemblages or correlations of synchronous or 
heterochronous rocks. Correlation or compari- 
son of fossil occurrences is based directly on 
observable phenomena and is valid to the 
extent of the observer’s competence. Interpre- 
tations of the age of the rocks or the purported 
composition of the plant assemblages involve 
at least one additional level of abstraction. 
Thus statements that rocks containing leaf 
fossils are Early or Late Cretaceous may be 
confidently accepted as indicating only that the 
fossils are dominantly angiosperms or gymno- 
sperms. Assertion that gymnosperm forests 
were replaced by angiosperm forests during 
a very short period of time, which marked the 
end of an Early Cretaceous time period, is no 
more than a convenient interpretation of 
presently available evidence. In the case of the 
Kaolak River megafossil flora and its associ- 
ated microfossil flora, we have strong evidence 
that fossil leaf assemblages do not necessarily 
furnish an unbiased record of the plant com- 
munities living at the time. This also applies 
to the fossil pollen and spores. The conflicting 
evidence regarding the composition of the 
flora of this area at the time the rocks under 
consideration were deposited further dis- 
credits the notion that the Early Cretaceous- 
Late Cretaceous boundary, as currently de- 
fined by megafossil floras, is of essentially the 
same age wherever noted. An important 
general conclusion to be drawn from the above 
argument seems to be that many of the time- 
rock units described in the literature are 
better treated as biostratigraphic units. A 
clear distinction should be made between 
interpretive, formal time-rock units and de- 
scriptive, empirical biostratigraphic units. 
Lack of marine fossils, abundance of plant 
debris and coal, and widespread evidence of 
channel-type deposition indicate that the 
Cretaceous rocks of the Kuk drainage basin 
are almost, if not entirely, of nonmarine origin. 
Bentonitic sediments are abundant, particularly 
in the middle portions of our traverse. Gryc 
(Grye and others, 1951) and Detterman (in 
Gryc and others, 1956) state that bentonite is 
typical of the nonmarine Prince Creek for- 
mation of the Colville group and that all but 
the uppermost Niakogon tongue of the non- 
marine Chandler formation of the Nanushuk 
group contain little or no bentonite or tuff. The 
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Niakogon tongue, however, does contain 
appreciable bentonite (Gryc and others, 1956). 
In addition, the rocks of the nonmarine Corwin 
formation, described by Sable (1956) at Cape 
Corwin, appear to resemble the Cretaceous 
rocks of the Kuk drainage basin. Thus evidence 
from both plant megafossils and_lithologic 
character indicates that the rocks of the Kuk 
drainage basin are equivalent in part to the 
Chandler and Prince Creek formations of the 
Colville River region and the Corwin formation 
of Cape Corwin. However, the Kuk drainage 
basin is well separated from the type areas of 
the Chandler, Prince Creek, and Corwin 
formations, and no physical continuity has 
been established. Thus definite formational 
assignments are premature. 

Leaves of taxodiaceous conifers are abun- 
dantly represented at the eight localities where 
both amber and plant megafossils occur. 
Taxodiaceous conifers occur at three localities 
which did not yield amber, and amber was 
collected at seven bedrock localities which did 
not provide plant fossils. Amber, however, was 
never found with florules lacking remains of 
taxodiaceous conifers. Although the Pinacae 
are also strongly represented in our collections 
by pollen, pines are not considered likely 
sources of amber in this region. There is no 
direct relationship between the occurrence of 
pine pollen and amber, and pine pollen is most 
abundant in the rocks containing the Kuk 
River flora where amber is absent or rare. 

Smiley has since collected amber in associ- 
ation with taxodiaceous conifer remains in a 
lignite quarry in southwestern North Dakota. 
Kirschner (1950) reports that twigs of Tertiary 
swamp cypresses (“‘cupressoids” sic) are more 
abundant among amber inclusions than are 
needles of pines and firs. Thus the fossil resin 
of the Kuk drainage basin was probably 
originally derived from taxodiaceous trees 
growing close to lakes, coastal swamps, or other 
water bodies. 
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orrela- The metamorphic rocks and the Silver Plume granite reveal the age relations of quartz 
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v. 65, progressive transformation of the rocks. Quartz is the earliest mineral in the metamor- 
t phic rocks and is probably a relict mineral of a sandstone. It has been partially replaced 
Sab beet by feldspar. It occurs chiefly in irregular clusters, some of which show sutured grains, en- 
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was replaced by feldspar along quartz grain boundaries, pre-existing healed fractures, 
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Alaska: The textural relations of the other principal minerals in the metamorphic rocks show 
v. 40, that plagioclase formed earlier than the microcline and that the micas were the last of the 
principal minerals to form. 
ages, a | Identical paragenetic relations are found in the Silver Plume granite, and the writer 
bridge concludes that the Silver Plume granite was derived by partial fusion of quartzose meta- 
morphic rocks. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


Although metamorphic rocks have _ been 
studied ever since the days of Lyell, the origin 
of many features of high-grade metamorphic 


identified, relict features such as bedding, and 
mineral composition. All these have been 
effectively used to determine the extent of 
changes and the origin of some metamorphic 
rocks. 
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Ficure 1.—INpEX Map SHOWING LocaTION OF THE TENMILE RANGE 


rocks and some alkalic plutonic rocks is still 
highly controversial. The character of the 
original rock, the sequence of changes, and the 
source of many of the chemical constituents 
are still being questioned. 

To determine whether the original rock was 
sedimentary or igneous, workers have studied 
field relations such as the gradation of high- 
grade metamorphic and highly altered rocks 
into less altered rocks, interlayering of meta- 
morphic rocks with rocks whose origin can be 


Microscopic studies also have provided 
essential information on metamorphic rocks, 
but many workers have given merely routine 
descriptions of the minerals and have neglected 
their paragenesis, an important feature of 
metamorphic rocks. Ore minerals have been 
subjected to intensive paragenetic studies, but 
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age differences among minerals of the meta- | 
morphic rocks have been largely ignored. One | 
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INTRODUCTION AND ACKNOWLEDGMENTS 


physical conditions of temperature and 
pressure, or if they have formed in a well- 
defined sequence, the later minerals in part 
replacing the earlier. Some workers have 
recognized age diversity but tell little regarding 
the mutual relations of the minerals and the 
criteria used to determine the mineral sequence; 
their statements regarding mineral paragenesis 
and the determination of host and guest 
minerals are ambiguous. The relative age of 
the minerals and the presence of relict minerals 
have significant bearing in determining the 
processes that produced the change, whether by 
recrystallization or metasomatism, what con- 
stituents have been added or removed, and 
possibly what the source was of any constituents 
that were added. 

The Precambrian metamorphic rocks and the 
Silver Plume granite in the Tenmile Range, 
Colorado, reveal clearly the age relations of 
their principal minerals, and these relations 
provide much information on the genesis of the 
rocks. From identical mineralogy and para- 
genesis of its minerals with the same minerals 
of the metamorphic rocks, the writer concludes 
that the Silver Plume granite was derived from 
the metamorphic rocks, probably by partial 
fusion. 

The Tenmile Range lies in north-central 
Colorado about 80 miles west-southwest of 
Denver; it is the northern extension of the 
Mosquito Range. The Kokomo and Climax 
mining districts are on the west side near the 
southern end of the Tenmile Range, and the 
Breckenridge district is on the east side (Fig. 1). 
Leadville is about 22 miles to the south near 
the southern end of the Mosquito Range. 

The bedrock exposed in the region comprises 
three main groups of formations: (1) the Pre- 
cambrian basement rocks consisting of a 
complex of high-grade metamorphic rocks and 
plutons of Silver Plume granite, (2) Paleozoic 
sedimentary formations chiefly of Pennsyl- 
vanian age, and (3) intrusive igneous rocks of 
Tertiary age. Only the Precambrian rocks are 
considered here. For information regarding the 
younger rocks and details of the general 
geology, the reader is referred to Emmons 
(1898), Butler and Vanderwilt (1933), Kosch- 
mann and Wells (1946), and Singewald (1951). 

The writer is grateful to Max H. Bergendahl 
of the U. S. Geological Survey who made all 
the plagioclase determinations and to Richard 
B. Taylor of the U. S. Geological Survey who 
did most of the photomicrographic work. 


1359 


PRECAMBRIAN ROCKS 


Summary Statement 


Precambrian rocks are exposed in a long 
narrow belt along the crest and upper slopes of 
the Tenmile Range. As shown on the geologic 
map of Colorado (Burbank and others, 1935), 
this belt is in the central part of a much longer 
belt of Precambrian rocks which extends 
northward into the Gore Range and southward 
into the Mosquito Range. The Precambrian 
rocks comprise a thick section of layered high- 
grade metamorphic and granitic rocks. Locally 
carbonate rocks or lime silicate rocks and 
quartzite occur interlayered with the gneisses 
and schists, and their survival indicates that 
essentially the entire complex of metamorphic 
rocks in the Tenmile Range was derived from 
sedimentary rocks. The metamorphic complex 
has been intruded by numerous plutons of 
granitic rock. The granitic rock is very similar 
in texture to the Silver Plume granite of the 
Front Range, with which it has been correlated 
by Butler and Vanderwilt (1933, p. 209-210). 


Metamorphic Rocks 


General statement——The Tenmile Range is 
composed predominantly of a thick section of 
layered high-grade metamorphic rocks that 
show a definite and consistent stratigraphic 
succession. The section comprises quartz- 
microcline-plagioclase granulite, banded horn- 
blende gneiss, quartz-mica-plagioclase migma- 
tite, and a pink gneiss (Fig. 2). In the migmatite 
are lenses and layers rich in sillimanite and 
garnet and locally calcite and lime silicates. 
Undoubtedly these rocks were derived from a 
thick section of sedimentary rocks, which con- 
sisted chiefly of arkosic sandstone, siltstone and 
shale, and minor amounts of calcareous rocks. 

The entire section has been folded, and the 
layers and foliation everywhere dip steeply, 
suggesting that the structures are isoclinal. 
Despite the unmistakable stratified nature of 
these rocks no features have been found to 
determine top or bottom of the layers. Tenta- 
tively the granulite is considered the oldest rock 
formation in the area and the banded horn- 
blende gneiss the next oldest, followed by the 
migmatite and the pink gneiss. If the granulite 
is the oldest rock the major structure of the 
Precambrian rocks is a syncline. Because of the 
complex folding the true thickness of the rock 
units has not been determined. In the southern 
part of the Tenmile Range (Fig. 2) the granulite 
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FiGuRE 2.—GENERALIZED GEOLOGIC Map OF THE TENMILE RANGE, COLORADO 
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has a minimum thickness of about 2500 feet, 
the banded gneiss 200-800 feet, and the 
migmatite and pink gneiss combined 5000-8000 
feet. In the northern part of the range the 
\thickness of at least the granulite and banded 
gneiss appears to be much greater. 

















1 2 3 
1 — a Na = 
Microcline...... .| 18.3 26.05) 2556 
Plagioclase.......| 37.3 abe ae «Py 
iii i cask sk | 30.7 | 46.1 | 45.3 
Muscovite........ Bate 2 | 0.4 | 0.3 
Maitlee 500.0 2a | 1.4 | 2.1 
Accessory. | 0.2 | ae £;5 
| Total. {one | 100.0 | 100.0 100.0 





* Average of modal analyses 1 through 6 


There are some variations from layer to 
layer within the formations, especially in the 
migmatite, but a study of thin sections shows 
\that these variations are chiefly in mineral 
percentages and grain size. Only the more 
| typical and representative rocks are described 
here. The paragenesis of the minerals is con- 
sistent throughout the area and in all rock 
types; in order to avoid monotonous repetition, 
| the paragenetic relations of the minerals are 
} described and their significance discussed fol- 
lowing a brief description of each typical rock. 
| Granulite—Granulite is here used, following 
Harker (1939, p. 246-248), to designate a high- 
grade metamorphic rock, consisting essentially of 
| quartz and feldspar; foliation may be imparted by 
oriented flakes of mica and lenticles of quartz or 
quartz and feldspar. Although most of the rock 
shows some foliation and could be called a gneiss 
much of the granulite shows no gneissic structure. 
| The metamorphic grade, as indicated by associated 
gneisses and schists, is that of a rock carrying 
one or more of the following minerals: an amphibole, 
pyroxene, garnet, or sillimanite; in some of the 
| granulites these index minerals are lacking. This 
\ use of the term granulite defines a rock type and 
should not be confused with the granulite facies of 
metamorphism. 

The typical granulite is a felsic rock characterized 
| by its white color. It consists primarily of quartz 
and white feldspar. The granulite ranges from a 
highly quartzose facies resembling feldspathic 
quartzite to a dominantly feldspathic facies in which 
| quartz occurs as an accessory mineral (Table 1). 
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Most of the rock is faintly to strongly foliated 
chiefly because of the alignment of quartz lenses 
and clusters and small amounts of oriented flakes 
of muscovite and biotite and streaks of biotite which 
are parallel to the quartz lenses (Pl. 1, fig. 1). In 
some outcrops foliation is absent. 


TABLE 1.—MOopEs OF GRANULITE 


4 5 6 7* | 8 
23.0 | 27.1 25.0 | 24.2 41.7 
29.4 | 22.7 23.7 -| 23.8.) 26a 
44.8 | 46:9} (30.4) M02 Fs 8 
0.3 Spy ie 2.7 | 2.5 
pe eee 5.3 | 2.4 | 2.8 

| 08 | -o8 0.6 
100.0 | 100.0 | 100.0 100.0 100.0 


Study under the microscope shows that the 
typical granulite consists predominantly of quartz 
embedded in an irregular branching network of 
feldspar (PI. 2, figs. 1, 2; Pl. 3). Most of the quartz 
occurs in irregular clusters and has either a grano- 
blastic or sutured texture. Some quartz also forms 
small spherical inclusions in feldspar, and locally 
these inclusions are abundant. 

Eight modal analyses of the granulite, determined 
by the point counter method, are given in Table 1. 
The typica! granulite contains 40-45 per cent quartz 
and 55-60 per cent feldspar. Analysis 8 is the 
feldspathic facies. 

The feldspar consists of a seriate granular inter- 
growth of plagioclase and microcline. The ratio 
between plagioclase and microcline is not consistent, 
but in the typical granulite they are about equal in 
amount. The plagioclase, oligoclase-andesine (Ano;- 
Anje), forms irregular grains; a few may be por- 
phyroblastic. The plagioclase is cloudy with dust, 
and most of it is somewhat sericitized. It forms a 
few myrmekitic intergrowths with quartz, but in 
general myrmekite is rare. Most plagioclase grains 
in contact with microcline are bordered by clear 
unaltered rims of plagioclase, essentially of the same 
composition as the cloudy core. 

Microcline shows a wide range in grain size. 
Most of it is fine granular, but some grains are 
irregular porphyroblastic. It is somewhat micro- 
perthitic, and in contrast with the plagioclase most 
of it is clear and unjaltered. Some grains are poiki- 
loblastic (Pl. 2, figs. ,3, 4), enclosing many small 
rounded grains of }plagioclase and quartz. Locally 
microcline is interstitial to plagioclase or extends 
irregularly into plagioclase grains. The ratio between 
quartz and feldspar determines in large measure 
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the texture of the rock and the evidence of the 
paragenesis of quartz and feldspar. In the more 
quartzose granulite the feldspar forms a matrix 
between quartz grains and appears much like 
cementing material in sandstone. As the feldspar 
increases in amount it forms irregular branching 
septa, and the interstitial character becomes less 
common. Even in the more feldspathic granulite, 
however, sporadic quartz clusters and spherical 
grains of quartz in feldspar, chiefly in microcline, 
are still preserved. 

Banded gneiss.—The banded gneiss comprises 
several interlayered rock types (Pl. 1, figs. 2, 4); 
the texture, mineral composition, and stratigraphic 
relations of individual layers throw considerable 
light on the origin of these complex Precambrian 
rocks and of gneisses in general. The dark layers are 
amphibolitic and biotitic, and the light layers are of 
felsic rocks. The individual layers are {6 inch to 
15 inches thick and show remarkable continuity 
and parallelism. The thickness of each layer, even 
the thin layers, is persistent over long distances; 
individual layers less than 3 inches thick have been 
traced for more than 150 feet. In general the con- 
tact between layers is sharp and even. 

Locally the light-colored layers thicken and the 
dark layers thin accordingly, and many have been 
disrupted. Invariably the dark layers, not the light 
ones, are disrupted. In places the layering is freak- 
ishly contorted. 

Study under the microscope shows that the dark 
amphibolitic layers (Pl. 1, fig. 2) consist of bluish- 
green hornblende, andesine (Ango-45), and some 
biotite. Quartz and augite are present locally. 
Biotite is the dominant dark mineral in some layers; 
some is disseminated, but it also forms streaks. 


Pirate 1.—HAND SPECIMENS OF 


FicureE 1. 


Granulite. Shows oriented lenses of quartz (gray) 


The light felsic bands consist essentially of two 
rock types: (1) biotite-quartz-plagioclase granulite 
and (2) biotite-quartz-microcline-plagioclase granu- 
lite. Both carry disseminated biotite and a littl’ 
muscovite. Layers of the plagioclase-bearing granu 
lite are more abundant and widespread than lay ~ 
of microcline-bearing granulite. The plagioclase 
bearing granulite is very similar to the pink foliated 
gneiss in texture and composition, but it is gray, 

Study under the microscope shows that the felsic 
bands rich in plagioclase consist of a mat or network 
of plagioclase studded with grains or clusters o/ 
strained quartz and are very similar in texture to 
the granulite. Some quartz occurs also in smal 
spherical inclusions in the plagioclase. The plagio- 
clase is oligoclase-andesine (Ans7-Anjs), distinctly 
less calcic than that in the amphibolitic bands 
(Anz:-Anys). Many small irregular apophyses and! 
barbs of plagioclase protrude along grain boundaries) 
of quartz, along healed fractures in quartz indicated! 
by lines of inclusions, or even along the edges oil 
shadowy areas in the strained quartz seen under! 
crossed nicols. 

The microcline-bearing felsic layers in the banded 
gneiss are very similar in mineral composition and 
texture to the granulite. They are also essentially 
the same in texture as the plagioclase-bearing layers, 
and megascopically the two cannot be distinguished. 
The microcline is slightly microperthitic and ranges 
in grain size from fine to coarse; some forms porphy- 
roblasts. It is interstitial to the quartz, and prongs 
of microcline extend along quartz grain boundaries 
of healed fractures in the quartz. Through growth) 
of microcline prongs along quartz grain boundaries,| 
quartz becomes partly to completely enclosed, w hich| 
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embedded in a matrix of white feldspar, 


which consists of both plagioclase and microcline. Oriented flakes of biotite and muscovite and streaks off 


biotite are parallel with the quartz lenses. 


FicurE 2.—Banded gneiss. Amphibolite (dark) interlayered with granulite (light). The granulite is ofl 
two megascopically indistinguishable types: (1) quartz-plagioclase and (2) quartz-plagioclase- microcline,| 


Some light layers comprise both facies. 


FicurE 3.—Migmatite. Lenses and streaks of felsic rock grade into biotite-rich rock. Some streaks of} 
felsic rock are pegmatitic in texture and are transected by discontinuous or ramifying biotitic streaks, some 


of which are braided. 


FicurE 4.—Fine-banded gneiss. Highly micaceous facies interlayered with quartz-feldspar granulite. 


PLATE 2 


FiGureE 1 


-PHOTOMICROGRAPHS OF 





GRANULITE 


Shows irregular development of feldspar in quartz; plagioclase, p, microcline, m, quartz, q.) 


Feldspar forms a ramifying network enclosing clusters and grains of quartz. Note the barbs and prongs of 
feldspar projecting from the feldspar hn along quartz grain boundaries and fractures. Plain light. X 14! 


FIGURE 2.- 


Ficure 3.—Feldspathic facies shows large number of inclusions of spherical quartz, q, in feldspar, es-| 


Same as Figure 1. Crossed nicols 


pecially in microcline, m; plagioclase, p, is sericitized. Note barbs of feldspar along quartz grain boundaries 


(upper left) and fracture in quartz grain (middle right). Plain light. x 20 


Ficure 4.—Same as Figure 3. Crossed nicols 
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PHOTOMICROGRAPHS OF GNEISSIC FACIES OF MIGMATITE AND PINK GNEISS 
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accounts for the abundant small spherical quartz 





inclusions in the microcline. Microcline definiiely 
has corroded the quartz. In places microcline has 
formed between grains of quartz and plagioclase, 
| and some encloses rounded plagioclase grains, which 
fsuggests that microcline has also replaced some 
| plagioclase. 
| Migmatite.—Migmatite is the most common and 
widespread of the Precambrian rocks of the Tenmile 

Range. The term migmatite is used here in a purely 

descriptive sense and refers to a heterogeneous 
| composite rock consisting of gneiss and schist 
| with irregular masses and subparallel lenses and 
/layers of granitoid felsic and pegmatitic rock. 
| Biotite-rich and biotite-poor rocks are interlayered, 
| and some intergrade. Many workers would probably 
call these rocks gneisses and schists, but they are 
here referred to as migmatites for two reasons: 
(1) they consist of mixtures of rock types; and 
(2) these rock types are separated by boundaries 
which are in many places wavy, irregular, or grada- 
tional and may cut across the foliation or banding 
(Pl. 1, fig. 3). This use of the term migmatite is 
devoid of any genetic implications. 

The dominant and most widespread rocks in the 
migmatite are biotite-muscovite-quartz-plagioclase 
‘gneiss and schist. Some microcline-bearing gneiss 
and schist also occur, but they are megascopically 
indistinguishable from the microciine-free facies. 
The regional distribution of microcline has not 
) been determined, but thin-section studies show that 
it is very sparse. 

The light-colored felsic streaks, lenses, and pods 
/occur in a wide variety of forms and sizes in the 
migmatite (from streaks 14-14 inch thick and 6 
inches long, to lenses and pods } inch thick and 14 
inch long up to 1 inch thick and 6 inches long). 
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Locally the felsic aggregates form irregular “knots” 
that blend into the mafic portions. The random 
distribution of the felsic streaks, lenses, and pods 
and their variation in form and size give the mig- 
matite a gnarled and contorted appearance. All 
the felsic streaks and lenses consist chiefly of quartz 
and feldspar, but in some feldspar is subordinate to 
the quartz. These quartz-feldspar aggregates are 
fine- to coarse-grained, and some are pegmatitic. 
Pegmatite dikes are common in the migmatite. 

Sillimanitic and garnetiferous layers occur locally 
in the gneiss and schist, but such layers are not 
persistent and are irregularly distributed. The 
pegmatite dikes, the pegmatitic material in lenses 
or pods, and the sillimanitic and garnetiferous rocks 
are not considered in this paper. 

The gneiss and schist in the migmatite are 
intimately associated and grade into o1e another. 
Although locally the foliation is highly contorted 
and gneiss and schist are intermingled, in most of 
the migmatite complex the foliation is even to 
wavy and continuous. 

Under the microscope the mineral composition 
and texture of the gneissic layers are seen to be 
much like those of the pink gneiss (PI. 4, figs. 1, 2) 
or of the biotite-quartz-plagioclase felsic bands in 
the banded gneiss. The gneissic rock consists essen- 
tially of irregular clusters of mosaic quartz enclosed 
in a network of feldspar. In some clusters the quartz 
grains have sutured contacts. In general the quartz 
has wavy extinction, and many grains show healed 
fractures. Small spherical inclusions of quartz in 
feldspar are abundant. The feldspar consists chiefly 
of oligoclase-andesine (Anos-Anys), and locally a 
few grains of microcline occur. 

Some gneiss and lenses of felsic material are 
crisscrossed by streaks and veins of muscovite and 
sericite. White mica also occurs interstitially to 


Pirate 3.—PHOTOMICROGRAPHS OF GRANULITE 


| FicurE 1.—Shows rather typical texture and the mutual relations of plagioclase, p, microcline, m, and 
| quartz, q. The feldspar forms an irregular network enclosing clusters and individual grains of quartz. Much 
of the feldspar is interstitial to quartz, shown in lower right quadrant. Note the many barbs and prongs 
{of feldspar, also small spherical inclusions of quartz in feldspar, and of plagioclase in microcline. Plain 


| light. X 15 


| 


PLATE 4.—PHOTOMICROGRAPHS OF GNEISSIC FACIES OF MIGMATITE AND PINK GNEISS 


FicurEe 2.—Same as Figure 1. Crossed nicols 


| Ficure 1.—Plagioclase, p, and biotite, b, enclosing “islands” of quartz, q. Barbs of plagioclase penetrate 
?the quartz along grain boundaries. Plagioclase has corroded and rounded the quartz. Biotite has formed 
| along quartz and feldspar grain boundaries. Plain light. x 12 
Ficure 2.—Same as Figure 1. Crossed nicols 
Ficure 3.—Plagioclase, p, is interstitial to quartz, q, and forms an irregular ramifying network from 
which many barbs and prongs of plagioclase project along boundaries of quartz grains and healed fractures 
in quartz. Note the rounded quartz grains corroded by the plagioclase. Biotite, b, also formed along grain 
boundaries; locally it cuts across plagioclase (lower left and right corners). Plain light. X 40 
Ficure 4.—Same as Figure 3. Crossed nicols 
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quartz and feldspar, and in some specimens it has 
considerably replaced feldspar. Biotite is less 
common in the gneiss. 

The schist is an intergrowth of feldspar, quartz, 
and a large but variable percentage of biotite: 





ba 2 

Microcline............. 53:2} 318 
Plagioclase (Ano5-Angz)... . | a7 || 23.5 
Gia fo Bee p03 
Muscovite............ | 9! 7.0 
BO ee ae Se es 6.4 
Rovemory os. A | 0.2 1.8 

Total: ::.. 100.0 100.0 


* Average of modal analyses 1 through 4 


t Typical Silver Plume granite from quarry, Silver Plume, Colorado 


muscovite occurs locally. In some schist biotite is 
disseminated through the rock, but more commonly 
much of the biotite is concentrated in wavy and 
braided streaks. Some is concentrated along the 
borders of the felsic pods and lenses and forms a 
sheath. Some streaks of biotite extend into the 
felsic lenses and pods, and some cut across them. 

Pink gneiss—The typical pink gneiss is a me- 
dium-grained, highly quartzose rock with pink to red 
feldspar and oriented disseminated biotite. Musco- 
vite is locally present but varies considerably in 
amount. 

Study under a microscope shows (PI. 4, figs. 3, 4) 
that the quartz occurs in rounded grains, in irregu- 
larly shaped clusters, or as small spherical inclusions 
in the feldspar. The quartz clusters consist of 
mosaics of quartz grains that show undulatory 
extinction. Some clusters have a sutured pattern or 
texture. 

Feldspar in the pink gneiss is almost exclusively 
plagioclase. It ranges in composition from Any, to 
An3s, but the more sodic facies, Ang to Ano, pre- 
dominates. The feldspar is cloudy with dust and 
specks of sericite. The amount of feldspar varies, 
but in general it is less abundant than quartz. A 
significant feature of the rock (Pl. 4, figs. 3, 4) 
is the interstitial relation of the feldspar to the 
quartz. Typically, the feldspar forms an intricate 
meshwork or honeycomb enclosing the subrounded 
grains and clusters of quartz. 


Silver Plume Granite 


Numerous small patches and two small irregular 
stocklike masses of Silver Plume granite are found 
in the Tenmile Range. Only one mass is more than 
a square mile in areal extent. Most of the smaller 


(Volume per cent) 
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bodies and patches are only a few feet to severah exceeds 
tens of feet across and have not been mapped variety, a! 
Where best exposed the small bodies and patch i 


parallel fe 
foliation. 
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f es =z Samoan —= 
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28.6 | 27.8 | 25.4 | 26.5 | Oneof 
28.3 | 268 | 30.0 | 26.6 jall the q 
3.2 oe ae 3.1 | Tenmile 
os} 6% | > 80° | -9.5diwemin 
0.7 0.9 0.9 | 1.1} successio 
——————|-— —| ————-——] lowed by 
100.0 100.0 | 100.0 | 100.0 | finally 1 
Rs ——__—__—__——! —{ critical s 
textural 
as criter 
Naver 
migmatite, but some small bodies occur also in 
banded gneiss and granulite. The term granite is 
used here in a general sense; technically the Silver 
Plume granite includes both granite and quartz (1) Ch 
monzonite. ‘ 
The typical Silver Plume granite is a light-pink ' rt Nr } 
; : isolated « 
to gray rock of medium to coarse grain (Pls. 6, 7) and bors by s 
is characterized by subparallel microcline crystals, tn a Onn 


8-12 mm long. Quartz and micas are readily recog- : 
P z clusters i 
nizable. Study under the microscope shows that 
most of the subparallel feldspars are microcline 
and are set in a seriate granular groundmass of tzit 
, , : be | quartzite 
quartz, microcline, plagioclase, biotite, and musco- | highly fe 
vite. Six modal analyses of the rock, determined by ? Ti da 
the point counter method, are given in Table 2. present i 
Microcline, as shown in Table 2, is the predomi- 


and rang 
length. h 





: : . the area 
nant mineral in the rock. In some specimens a few relict. 
grains of orthoclase may occur; in Table 2 these are Figure 
included with microcline. The microcline is slightly Rideodial 
microperthitic, but it is otherwise clear and unal-} 1 444 2, 
tered. It has abundant inclusions of both quartz Bie: and 
and plagioclase, and locally it contains fine needles migmatit 
of rutile. Plagioclase, mainly oligoclase or oligoclase- Plate 3 
andesine (Ang;-Ang:), forms between 22 and 28 Silver Pl 
per cent of the rock, but it is less abundant than (2) § 
microcline. It is invariably turbid and is somewhat Some qu 
sericitized. the felds 

Quartz occurs enclosed in both the microcline (Pl. 2, fi 
and plagioclase chiefly as clusters but also as small thin iat 
spherical inclusions. Some of the quartz in the }) (PI. 2, fi 
clusters consists of sutured grains, as if it were rem- grain, pr 
nants of quartzite. All the quartz shows undula- | yndulat 
tory extinction, is considerably fractured, andshows } of these 
crisscross lines of inclusions along the healed frac- f jographi 
tures. Fine needles of rutile in quartz are abundant. | of the r 


Biotite and muscovite are present in varying{ are man 
amounts, but in most thin sections studied biotite} by felds 
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exceeds muscovite. Biotite is the common brown 
variety, and some of it has been partly altered to 
chlorite. The micas are closely associated with the 
feldspar and occur along boundaries between quartz 
and feldspar grains, but some cut across these grains. 
In some specimens mica is aligned with the sub- 
parallel feldspars, which gives the rock a slight 
foliation. 


PARAGENESIS OF THE MINERALS 
Summary Statement 


One of the most significant features found in 
all the quartz-bearing Precambrian rocks in the 


‘ema Range studied by the writer is that 


the minerals have formed in a well-defined 
succession; quartz is the earliest mineral, fol- 
lowed by plagioclase, then by microcline, and 
finally by muscovite and biotite. From a 
critical study of these rocks in thin section the 
textural relations described below were selected 
as criteria to determine the paragenesis of the 
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Pprincipal minerals. 


Quariz and Felds pars 


(1) Clusters of quartz grains. A significant feature 
in these rocks is that most of the quartz occurs in 
isolated clusters or lenses separated from its neigh- 
bors by septa of feldspar. The quartz forms “islands” 
in a sea of feldspar (Pl. 2, figs. 1, 2; Pl. 3). The 
clusters in general are extremely irregular in shape 
and range from ¢ inch up to 4 inch and more in 
length. In some the quartz is sutured and resembles 
quartzite; in others it is granoblastic. In the more 
highly feldspathic rocks clusters of quartz are less 
common and more sporadic; nevertheless, they are 
present in al] the quartzose Precambrian rocks in 
the area and furnish evidence that the quartz is 
relict. 

Figures 3 and 4 of Plate 4 show the clusters and 
corroded grains of quartz in the pink gneiss; Figures 
1 and 2 of Plate 2 and Plate 3 show them in granu- 
lite; and Figures 1 and 2 of Plate 4 show them in the 
migmatite. Mosaics of sutured quartz are shown in 
Plate 3, and Plate 6 shows sutured quartz in the 
Silver Plume granite. 

(2) Spherical inclusions of quartz in feldspar. 
Some quartz occurs as small spherical inclusions in 
the feldspar, in both the plagioclase and microcline 
(Pl. 2, figs. 3, 4; Pl. 3; Pl. 6; Pl. 8, fig. 1). In some 
thin sections these inclusions are very numerous 
(PI. 2, figs. 3, 4); 7-10 may occur in a single feldspar 
grain, producing a sieve effect. Some inclusions show 
undulatory extinction. The number and distribution 
of these inclusions have no relation to the crystal- 
lographic directions in the feldspar grains or texture 
of the rock. Besides the spherical inclusions there 
are many quartz grains that are partly surrounded 
by feldspar prongs (Pl. 3; Pl. 4, figs. 1, 2; Pl. 7; 
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Pl. 8, fig. 1), and all stages of development of the 
quartz inclusions occur. The spherical shape and 
random distribution of the quartz inclusions indicate 
that they are remnants of resorbed quartz. They 
are most common in the microcline-bearing rocks, 
granulite, banded gneiss, and in the Silver Plume 
granite. Even in the absence of other evidence, 
spherical inclusions of quartz clearly show that 
quartz has been corroded and is a relict mineral 
older than the feldspar. Even in the more highly 
feldspathized rocks spherical quartz inclusions in 
feldspar, chiefly in microcline, can still be found 
and indicate the relict nature of the quartz. 

(3) Feldspar network. A network of feldspar is 
the most characteristic feature in all the rocks in 
this area. A study of many thin sections shows that 
the feldspars form an intricate and ramifying maze. 
Some of the segments or strands of this network 
are relatively thin and long and veinlike (Pl. 2, 
figs. 1, 2; Pl. 3); some are remarkably straight 
though short, but most commonly they are ex- 
tremely irregular and uneven. Feldspar forms a 
network that is connected; isolated feldspar grains 
are absent or rare, and these are interstitial to 
quartz, never as inclusions in quartz. 

(4) Interstitial feldspar. In the more quartzose 
facies of the granulite and gneisses the feldspar is 
clearly interstitial to the quartz, like matrix in 
sandstone. There is little doubt that the interstitial 
feldspar formed later than the quartz. These rela- 
tions are most clearly shown in the pink gneiss 
(Pl. 4, figs. 3, 4). In the granulite and other Pre- 
cambrian rocks remnants of interstitial feldspar 
are locally found (Pl. 3, fig. 1, circled areas), but 
feldspathization of these rocks more commonly has 
advanced to such a degree that the more obvious 
interstitial relations have been obliterated. 

These relations are well developed in the quartz- 
plagioclase rocks, in which the network consists of 
granular plagioclase (PI. 4, figs. 1, 2), as well as in 
the quartz-plagioclase-microcline rocks, the granu- 
lite (Pl. 2, figs. 1, 2), and the felsic bands in the 
banded gneiss. 

The amount of feldspar in these rocks varies 
considerably; accordingly, in proportion to the 
degree of feldspathization, the textural and age 
relations of the quartz to feldspar become less 
distinct. In the least feldspathized granulite and 
pink gneiss the feldspar forms a matrix to the quartz 
and appears much like cementing material in 
sandstone. 

(5) Feldspar protuberances. Extending from the 
feldspar network are numerous small branches, 
barbs, prongs, and delicate apophyses that penetrate 
the quartz clusters, project along grain boundaries, 
and penetrate quartz grains along healed fractures 
and shadowy margins in strained grains that show 
undulatory extinction. These protuberances are 
found in all the felsic rock types (PI. 2, figs. 1, 2; 
Pls, 3, 4, 7). These barbs and prongs along grain 
boundaries have corroded and rounded the quartz 
grains and locally have surrounded them. The 
localization and control of the feldspar by the 
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structures of the quartz and quartz clusters defi- 
nitely determine the quartz as host and the feldspar 
as the guest mineral. 

(6) Notable disparity in grain size. Although some 
of the feldspar forms porphyroblasts (PI. 2, figs. 1, 2; 
Pl. 3), its grain size is, in general, fine and notably 
finer than the quartz, both in clusters and individual 
grains. The grains of feldspar are irregular in shape, 
and the porphyroblasts have ragged edges. The 
grain size of the minerals is unrelated to the order 
of their formation, and the granoblastic texture of 
the rock is incongruous with principles of magmatic 
crystallization but compatible with the principles of 
metamorphism. 

All the interrelations of quartz and feldspar show 
that the quartz has been replaced and corroded by 
the feldspar, is older than the feldspar, and is 
probably relict from a pre-existent quartzose rock. 


Plagioclase and Microcline 


The most common and widespread Precambrian 
metamorphic rocks in the Tenmile Range are 
gneisses containing only quartz, plagioclase, biotite, 
and muscovite as the principal minerals. However, 
some of the metamorphic rocks, notably the granu- 
lite and the banded gneiss, also carry abundant 
microcline. Study under a microscope of the micro- 
cline-bearing rocks shows that the plagioclase and 
microcline are intricately intergrown, but the follow- 
ing relations show that the microcline formed later 
than the plagioclase. 

(1) Inclusions of plagioclase in microcline. Plagio- 
clase inclusions in microcline are common, and most 
are rounded (PI. 2, figs. 1, 2); Pl. 3; Pl. 8, fig. 1), 
whereas microcline does not form inclusions in the 
plagioclase. The plagioclase inclusions have narrow 
rims of clear unaltered plagioclase (Pls. 3, 8), and 
some plagioclase grains are bordered by clear 
plagioclase at their interfaces with microcline 
(Pl. 8, fig. 1). The clear plagioclase is untwinned, 
and its composition, shown by its indices, is essen- 
tially that of the cloudy core. 

(2) Microcline is interstitial to plagioclase. 
Apparently microcline does not replace plagioclase 
as freely as feldspar replaces quartz; nevertheless, 
microcline is dendritic locally and has grown at the 
expense of plagioclase. The microcline dendrites 
extend irregularly into the bordering grains of 
plagioclase (PI. 8, fig. 2). Some microcline is intersti- 
tial to adjacent plagioclase grains, and some formed 
along boundaries between plagioclase and quartz 
grains (PI. 8, fig. 1). 

These textural features are common and occur 
in all the Precambrian rocks of the region, in the 
Silver Plume granite as well as in the metamorphic 
rocks. 


Muscovite and Biotite 


Muscovite and biotite were the last of the princi- 
pal minerals in the Precambrian rocks to form, and 


biotite is later than the muscovite. The micas m 
commonly are concentrated in mica-rich layers, inf « disc 
stringers, and in irregular patches; but much mi * lite 
also is disseminated through the Precambrian rock: phe liters 

nf 


naragene 


Biotite is more abundant than muscovite. Som@@tion 
mica may be earlier than the feldspar, but no e 1923), ¢ 
dence was found to support its early development, Progré 

Much of the disseminated muscovite formegcompara 
along the margins of quartz and feldspar graingrocks in 
(PI. 5, figs. 1, 2) and is clearly interstitial to them/), jmpli 
Muscovite also forms irregular stringers (PI. SOuirke ( 
fig. 1), and some flakes in these stringers are alsg~ tzit 
interstitial to the quartz and feldspar. Some mu BRP 
covite has formed along feldspar cleavage, and som onclude 
formed irregularly shaped flakes in the feldspaf™ @ Io 
(Pl. 5, fig. 1; Pl. 8, fig. 3). Some flakes abut agains(igneous 
quartz or feldspar and terminate in prongs alonghas beer 
opposite sides of the grain, and some partly surroundduction 
such grains. orthocla 

Besides muscovite much white mica occurs agmjcrogre 
sericite. The relative ages of the muscovite a _alb 
sericite have not been established. However, both th sii 
plagioclase and microcline are more or less serici- : 
tized, plagioclase more than microcline, which Ander 
indicates that the main period of sericitizations<ribing 
followed feldspathization. Some of the sericite igquartzit 
disseminated in the feldspar, but in some rocks it igobviousl 
concentrated in stringers, which are most evident inonly do 
some of the microcline. Flakes of muscovite tapetgrains v 
off into streaks of sericite, which also suggests thatjecs rr 
muscovite and sericite are of the same relative age. nocaics 

Biotite shows the same general textural relations...’ 

* . containeé 
as muscovite toward quartz and feldspar. The dis} 
seminated biotite, especially the oriented biotite!" states 
most clearly reveals its paragenesis. Biotite formed®! the 
along margins of quartz and feldspar grains (P!. 4), Much o: 
Some of the aligned flakes penetrate quartz andlated qu 
feldspar; but more commonly, especially where Stark 
flakes of biotite abut against quartz grains, prongstized sc 
of biotite, like flakes of muscovite, spread went ‘ 
side of the quartz grains and partly enclose such. 
grains (PI. 4, figs. 1, 2). 

The mutual relations of the biotite and musco- 
vite clearly show that biotite is the younger. In the 
highly micaceous rocks stringers of biotite cut? 4 PI 
irregularly across muscovite layers and cut across large 
sheaves of muscovite at right angles to the cleavagepoints « 
(Pl. 5, fig. 2). Some biotite is interleaved with mus-the mo 
covite (PI. 5, fig. 2; Pl. 8, fig. 4), and locally biotitetrating | 
forms a border around muscovite areas or is con-the schi: 
centrated along the outer margins of the muscovite 
layers. Interleaving of biotite with muscovite in 
the granulite and Silver Plume granite is relatively 
common and establishes biotite as the last of the 
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Quartz and Feldspars in Other Areas eles 
regional 


Granitization is now widely recognized, and\mation | 

a voluminous literature on the subject has/metame 
appeared in recent years. The writer refersiof sedin 
here to only a few articles where comparable anges 
ol alké 
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paragenetic relations of quartz and feldspars 
are discussed. For a comprehensive review of 
n rockgthe literature on the general subject of graniti- 
> Somation the reader is referred to Sederholm 
no evi(1923), Gilluly (1933; 1948), and Read (1957). 
opment) Progressive replacement in definite stages, 
forme(comparable to that found in the Precambrian 
t grainsrocks in the Tenmile Range, has been described 
0 them/yr implied by other writers in other areas. 
(Pl. SQuirke (1927, p. 761) described a migmatized 
are alstuartzite in the Killarney region, Ontario, and 
ad oni oncluded “.,. that there has been developed 
feldspag™ foundation of quartzite a crystalline, 
againsfgneous rock ...and that this transformation 
s alonghas been accomplished by means of the intro- 
urroundduction of feldspars, oligoclase-albite, and 
orthoclase ... ;” in the explanation of photo- 
CUrs pie ee (Pl. 21, p. 770) he states that 
t both 27 albite feldspars are partly replaced by 
‘ ‘serici Ot thoclase and microcline. . . 
which Anderson (1934, p. 386, Figs. 6, 7), in de- 
tizationScribing the effect of a granodiorite intrusive on 
cite jgquartzite, pointed out that “...albite is 
cks it igobviously a replacement of quartzite, for not 
ident inonly does it hold partly assimilated quartz 
e tapetgrains within it, but it also advances more or 
sts thatess irregularly into the remaining quartz 
ve a8 mosaics, replacing both the quartz and its 
ations contained biotite.” And concerning microcline, 
biotite!'¢ States that it “. . . shows distinct replacement 
formed! the albite and biotite-bearing quartzite. 
(Pl. 4)|Much of the microcline is full of partly assimi- 
tz andlated quartz and plagioclase. . ..” 
where Stark (1935, p. 10-23) has described migma- 
prongstized schists bordering Pikes Peak and Silver 
geithetpjume granite in the Sawatch Range of Colo- 
¢ suchrado, which lies just south and west of the 
musco- - &nmile area. He concluded (p. 23) that the 
In thegmatites, derived from sedimentary rocks, 
te cutare a product of “.. . regional granitization on 
across¢ large scale by replacement processes.” He 
eavagepoints out (p. 10) that oligoclase-andesine is 
h mus-the most abundant constituent, “‘...pene- 
biotitetrating with irregular contacts in all directions 
IS CON-'the schistose matrix. . . . Smaller areas of micro- 
scovite cline and perthitic feldspar occur along contacts 
nivel and within the older plagioclase grains.” Stark’s 
of the@¢scriptions imply that sodium metasomatism 
preceded potassium metasomatism. 
Misch (1949, p. 212-239, Table 1) describes 
a succession of zones and mineral facies of 
regional metamorphism leading to the “. . . for- 
1, and\mation of the granitic gneisses by synkinematic 
t hasmetamorphic transformation and replacement 
refersiof sediments, concurrent with certain chemical 
trableChanges which chiefly consisted of the addition 
of alkali.” He concludes that plagioclase 
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formed earlier and at a lower temperature than 
the potassium feldspar, again indicating that 
sodium metasomatism preceded potassium 
metasomatism. 

Steven (1957) has made a detailed study of 
the Precambrian rocks in the Northgate district, 
Colorado, north of the Tenmile Range. From 
his textural study of the rock minerals Steven 
concludes (p. 342) that “... hornblende 
gneiss... was converted by metasomatism to a 
granitoid gneiss of quartz monzonitic compo- 
sition;” that (p. 344) “... plagioclase was 
progressively replaced by microcline. ..,” and 
that (p. 344) “.. . soda-bearing solutions were 
most effective early in the period of transfor- 
mation and were followed by progressively more 
potash-rich solutions.” 


SOURCE OF THE CaLctum, Soptum, Porassrum, 
AND ALUMINUM 


No general agreement has been reached 
regarding the source of the calcium, sodium, 
potassium, and aluminum in metamorphic and 
granitizing processes (Read, 1957, p. 33-42, 
367-368, 396-397). Some have postulated a 
deep-seated source, such as the sima or sialic 
zones of the crust under geosynclines or 
intrusive magmas. Still others have postulated 
that these elements were indigenous in the 
original mass of sedimentary rocks from which 
the metamorphic rocks were derived and that 
when these sediments were deeply depressed in 
geosynclines the elements were mobilized and 
in part redistributed during metamorphism. 

Data to support adequately any theory 
regarding the source of the granitizing elements 
are incomplete and inconclusive. However, 
some features of the Precambrian complex of 
the Tenmile region have a bearing on this 
problem and are worthy of brief attention. 
Development of quartz, plagioclase, microcline, 
muscovite, and biotite in a definite sequence in 
so many different kinds of rocks over such a 
wide area implies an orderly mobilization of 
the necessary calcium, sodium, potassium, and 
aluminum. In a general way the mineral 
paragenesis of the metamorphic rocks of the 
Tenmile Range is in agreement with the 
principles of the theory of “chemical fronts.” 
However, the metamorphic rocks in the Ten- 
mile Range are regionally stratified, and some 
are delicately layered and show no zonal 
arrangement; these strongly suggest that the 
mineralogic variations of layers reflect the 
variations in chemical composition of the 
initial sedimentary rocks. Of special interest 
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and significance in this connection are the 
relations of the rock types in the banded 
gneiss. Microscopic study and staining tests 
show that the contact between microcline- 
bearing and microcline-free rock of some light 
felsic layers is as sharp as the contact between 
the dark and light layers. It seems highly 
improbable that the delicate layering was 
produced by metasomatic lit-par-lit action of 
extraneous matter acting over a large area 
and yet is restricted to certain layers, some of 
which are of paper thickness. The differences in 
composition of the plagioclase and the amounts 
in the different bands and laminae would also 
be difficult to explain by extraneous sources of 
the calcium, sodium, and aluminum. If the 
sources were extraneous it is difficult to explain 
why sodium and calcium, which permeated or 
“soaked” all the country rock, formed plagio- 
clase of different composition in different layers 
and rock units, and why its distribution is in 
layers rather than in radial zones. The even, 
persistent, and very delicate layering and 
lamination (Pl. 1, figs. 2, 4), the interlayering 
of rock types, and the same paragenetic re- 
lations of the minerals in all the quartzose rock 
types strongly indicate that the banded gneiss 
is an altered laminated sedimentary rock—that 
the individual layers and streaks represent 
beds and laminae reflecting compositional 
variation in the sedimentary rock. 
Stratigraphic variations within the meta- 
morphic complex are also shown on a regional 
scale. As already described, the granulite, at 
least 2500 feet thick, is structurally overlain 
by 200-800 feet or more of the banded gneiss, 


Pirate 5.—PHOTOMICROGRAPHS SHOWING PARAGENESIS OF MUSCOVITE AND BIOTITE 


followed by several thousand feet of migmatite, 
and by the pink gneiss. Nowhere in the region| 
do these rocks grade into each other along the’ 
strike, nor has any zonal distribution been 
observed, as might be expected if enrichment! 
in one or more chemical elements had_ been 
effected by invasion and metasomatism. If 
chemical constituents are extraneous in origin 
they must have been highly selective in their” 
replacement over wide areas and on a scale 
required to produce the stratified metamorphic 
complex. This seems highly improbable. The 
stratified relations of the metamorphic rocks 
and their compositional variations, both locally 
and regionally, suggest that variations of the 
metamorphic rocks reflect differences in the’ 
chemical composition of the initial sedimentary 
rocks. The granulite and the granulitic layers 
in the banded gneiss were probably derived 
from a sandstone, the amphibolitic layers in 
the banded gneiss probably from calcareous 
sediments, and the migmatite probably from 
interbedded shaly sandstone and _ calcareous? 
rocks. Mobilization of the calcium, sodium, 
potassium, and aluminum was probably con- 
trolled chiefly by temperature and pressure of 
the source material. 

Their coexistence indicates that the mineral 
assemblages in the metamorphic complex 
formed under essentially the same temperature 
and pressure and do not represent differences 
in metamorphic grade. Potassium in the form) 
of microcline in some facies, as in the granulite, 
and in micas in others, chiefly the migmatite, is 
probably related to differences in the chemical 
composition of the rock facies. Rocks of mineral 


, 


Ficure 1.—Stringer of muscovite, mu, cutting across granulite, quartz, q, microcline, m, plagioclase, 
p, biotite, b. Dark lines in muscovite are biotite. Some muscovite is interstitial, some cuts across grains or 
invades grains and has irregularly replaced them. Septa of feldspar cut quartz areas, and small spherical 
inclusions of quartz occur in feldspar. Plain light. X 34 

FicurE 2.—Muscovite-rich layer in migmatite cut by streaks of biotite, b. Dark lines along muscovite, 
mu, cleavage are interleaved biotite. Borders of biotite occur along margin of streak of muscovite and? 
around quartz. Barbs of muscovite penetrate along quartz, q, and plagioclase, p, grain boundaries. Plagi- 
oclase is considerably replaced by sericite and fine muscovite. Plain light. X 28 


Pirate 6.—PHOTOMICROGRAPHS OF SILVER PLUME GRANITE 


Ficure 1.—Shows typical Silver Plume granite, quartz, q, microcline, m, plagioclase, p, biotite, b,\ 
muscovite, mu. Note large tabular phenocryst of microcline with inclusions of spherical quartz and grains 
of plagioclase, and cluster of sutured quartz grains. Plain light. 13 

Ficure 2.—Same as Figure 1. Crossed nicols 
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SOURCE OF THE CALCIUM, SODIUM, POTASSIUM, AND ALUMINUM 


assemblages similar to those in the Tenmile 


Range, quartz-muscovite-albite-microcline and 


jquartz-muscovite-albite-(andalusite - kyanite), 
twere described as isofacial by Skinner (1958). 
He prepared a phase diagram to relate the 
mineral composition and the metamorphic 
assemblages. In this metamorphic facies micro- 
cline and andalusite-kyanite are not stable 
together and would react to form muscovite 
until one of the reactants was used up. The two 
assemblages were formed under the same 
pressure and temperature condition and reflect 
differences in the chemical composition of the 
rock. 


“a | ORIGIN OF THE SILVER PLUME GRANITE 


One of the outstanding features of the Silver 
Plume granite is that the mutual relations of 
quartz, the feldspars, and the micas are very 
isimilar to those in the other Precambrian 
rocks—-the gneisses, granulite, and migmatite. 
’The granite contains abundant quartz clusters 
and spherical inclusions of quartz in the 
feldspars (Pls. 6, 7); these show that quartz, as 
jin the Precambrian metamorphic rocks, is the 
‘earliest mineral and is probably a relict mineral. 

Field relations, together with similar para- 
igenesis, suggest that the Silver Plume granite 
|was derived from the Precambrian meta- 
(morphic rocks. The granite forms many small 
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patches and pods, some only 10-100 feet in 
diameter, and the larger bodies are extremely 
ramifying and discordant. The small patches 
show no connections with nearby bodies and 
appear to be isolated. If one postulates an 
intrusive origin of the granite, the apparent 
absence of channels and connections and the 
room problem presented by the many small 
bodies raise serious mechanical difficulties. 
Similar field relations of the Silver Plume 
granite with the enclosing metamorphic rocks 
are also abundantly illustrated in the Front 
Range. In a belt 5 miles wide in the eastern 
part of the Montezuma quadrangle, an area 
several miles northeast of the Tenmile Range, 
Lovering (1935, Pl. 3) has mapped at least 135 
small bodies of Silver Plume granite as ductless, 
isolated, podlike bodies. Most of them are less 
than 500 feet in their long dimension. Locally 
the map shows as many as 8-12 bodies per 
square mile; probably many more are present 
that are too small to be mapped. Lovering 
(1935, p. 14) states that dikes of Silver Plume 
granite are rare in the Montezuma area; none 
were found in the Tenmile Range. The field 
relations of the Silver Plume granite in both the 
Tenmile and Front ranges indicate that -its 
numerous bodies are discrete and are not 
apophyses from buried stocks or a batholith. 
The large number of bodies of the Silver 
Plume granite, large and small, and the charac- 








Pirate 7.~PHOTOMICROGRAPHS OF SILVER PLUME GRANITE 


| Ficure 1.—Shows paragenetic relations of minerals and development of microcline, m, phenocryst. Note 
|(1) irregular front and lower edge of large microcline grain (upper left) with barbs and irregular projections 


\extending from it, (2) quartz, q, inclusions in mi¢rocline, (3) irregular apophysis of plagioclase, p 


(lower 


| emater); extending up from feldspar mass with barbs into quartz areas on both sides of apophysis, and (4) 
jmaclusions of plagioclase in microcline. Biotite, b. Plain light. X 20 
FicurE 2.—Same as Figure 1. Crossed nicols 


PLate 8.—PHOTOMICROGRAPHS SHOWING PARAGENESIS OF PLAGIOCLASE, MICROCLINE, 
MUSCOVITE, AND BIOTITE 


FicurE 1.—Quartz, q, and plagioclase, p, corroded and replaced by microcline, m, in granulite. Note 
inclusions of plagioclase in lower left and upper right corners. Large plagioclase grain in upper right is 


FicurE 2.—Shows microcline, m, irregularly penetrating somewhat altered plagioclase, p, in granulite. 


| almost completely enclosed in microcline. Plain light. X 25 


|In places the penetration has proceeded along grain boundaries, but in other places penetration has ir- 
| regularly cut across plagioclase grains, leaving oriented remnants on either side of the microcline. Remnants 
\of quartz are corroded and rounded by feldspar. Muscovite, mu. Crossed nicols. X 38 

| Ficure 3.—Muscovite, mu, replacing microcline, m, and rounded spherical inclusion of quartz in micro- 


icline. Plagioclase, p. Crossed nicols. X 53 


Ficure 4.—Muscovite, mu, and biotite, b, replacing plagioclase, p. Biotite formed along muscovite 
cleavage and is replacing it (lower right corner). Quartz, q. Plain light. X 53 
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ter of granite, especially the occurrence of 
quartz in clusters and as spherical inclusions 
in the feldspars, indicate that the granite is a 
product of selective and partial fusion of 
quartz-bearing metamorphic rocks. Assuming 
that the entire mass of rock was at the same 
temperature and pressure, very small local 
differences in composition of the heated rocks 
could cause melting at one point and not at 
another. The temperature apparently was never 
high enough to melt all the country rock—only 
those patches with a relatively low melting 
point—nor to melt all the quartz in the fused 
patches. It seems very probable that the 
multitude of small patches of Silver Plume 
granite were local centers of fusion, and many 
more patches occur at depth throughout the 
metamorphic complex. 

Possibly recrystallization rather than fusion 
could accomplish the same results; however, 
the absence of foliation in the Silver Plume 
granite suggests that the Silver Plume crystal- 
lized from fused rock, whereas the pronounced 
foliation of the metamorphic rocks suggests that 
they formed through recrystallization of pre- 
existent rocks. 


SUMMARY 


The interrelations of the Precambrian meta- 
morphic-rock complex of the Tenmile Range 
and the mutual relations of quartz and the 
feldspars in these rocks indicate that the 
metamorphic complex in the Tenmile Range 
was formed through recrystallization of quartz- 
ose sedimentary rocks. The quartz-feldspar 
textural relations enable the observer also to 
decipher the origin of the plutonic rocks. Fluxes, 
temperature, and pressure were adequate to 
soften and probably partially fuse some of the 
metamorphic rocks, and the plutons of Silver 
Plume granite probably formed as end products 
of the process. Similar textural relations should 
prove useful in determining the genesis of 
many high-grade metamorphic and granitoid 
rocks in other regions. 


REFERENCES CITED 


Anderson, A. L., 1934, Contact phenomena asso: 
ciated with the Cassia batholith, Idaho: Jou 
Geology, v. 42, p. 376-392 

Burbank, W. S., Lovering, T. S., Goddard, E. N, 
Eckel, E. B., 1935, Geologic map of Colorado 
U. S. Geol. Survey 

Butler, B. S., and Vanderwilt, J. W., 1933, 
Climax molybdenum deposit, Colorado: U. §} 
Geol. Survey Bul]. 846-C, p. 195-237 

Emmons, S. F., 1898, Description of the Tenmile 
district quadrangle, Colorado: U. S. Geol 
Survey Geol. Atlas, Folio 48, 6 p. to 

Gilluly, James, 1933, Replacement origin of the al re 
bite granite near Sparta, ——: U. S. Geol! R 
Survey Prof. Paper 175-C, p. 65-81 

Gilluly, James, Chairman, 1948, Origin of granite! of 
Geol. So c. America Mem. 28, 140 p. ‘c 

Harker, feed, 1939, Metamo: hism: ed., Lon| 
don, Methuen and Co., L td, 36 

Koschmann, A. H., and Wells, F. C. 1946, Prelim! ” 
inary report on the Kokomo mining district, 
Colorado: Colo. Sci. Soc. Proc., v. 15, p. 51-112 tc 

Lovering, T. S., 1935, Geology and ore deposits of 
the Montezuma quadrangle, Colorado: U. §+——— 
Geol. Survey Prof. Paper 178, 119 p. 

Misch, Peter, 1949, Metasomatic granitization of, 
batholithic dimensions. Pt. I: Am. Jour. Sci., 

v. 247, p. 209-245 

Quirke, T. T., 1927, Killarney gneisses and migma- 
tites: Geol. Soc. America Bull., v. 38, p. 753-770 

Read, H. H., 1957, The granite controversy: New{ntroductic 
York, Interscience Publishers, Inc., 430 p. —_ \(omenclat 

Sederholm, J. J., 1923, On migmatites and associ-} 
ated Precambrian rocks of southwestern Fin- poraeay 
land: Comm. Geol. Finlande Bull. 58, p. 1-153, ‘titeria 

Singewald, Q. D., 1951, Geology and ore deposits ofDescriptior 
the upper Blue River area, Summit County,summary « 
Colorado: U. S. Geol. Survey Bull. 970, 73 p. References 

Skinner, B. J., 1958, The geology and metamorphism 
of the Nairne pyritic formation, a sedimentary} 
sulfide > goa in South Australia: Econ. Geol- 
ogy, v. 53, no. 5, p. 546-562 

Stark, J. T., 1935, Migmatites of the Sawatchl 
Range, Colorado: Jour. Geology, v. 43, p. 1-26) 

Steven, T. A., 1957, Metamorphism and the origin| Among 
. granitic rocks, Northgate district, Colorado: fountain 
pee S. Geol. Survey Prof. Paper 274- M, p. 335- “preservati 


GI 





lacial se 
arklin 
U. S. GEoLocicaL SuRVEY, DENVER, COLO. + d B 
MANuscripT RECFIVED BY THE SECRETARY OF THE! aped Cc 
Socrety, JANUARY 19, 1960 basins. 


PUBLICATION AUTHORIZED BY THE Director, U.S.) Lee (1' 
GEOLOGICAL SURVEY terpret 
ecognizec 
/isconsir 
lrom_ the 
uch as |] 
younger 
by large 1 


_eene 

' The te 
eu of the 
eport in t 
tratigrap! 
ind withot 





BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 


VOL. 71, PP. 1371-1382, 1 FIG. 





SEPTEMBER 1960 








: laa GLACIATION OF THE EAST SLOPE OF ROCKY MOUNTAIN 
a NATIONAL PARK, COLORADO 
lorado 
By Geratp M. RICHMOND 
55% 
> U.S 
ss i ABSTRACT 
gon The eastern slope of Rocky Mountain National Park, Colorado, has been subjected 
to at least three separate Pleistocene glaciations, which from oldest to youngest are cor- 
the al related with the Buffalo, Bull Lake, and Pinedale glaciations of Blackwelder in the Wind 
, Geol River Mountains of Wyoming. 
4 In this area, deposits of the oldest glaciation are known from only one locality. Deposits 
ranite of the Bull Lake glaciation comprise two sets of moraines indicative of two advances of 
L , ice separated by a significant recession; those of the Pinedale glaciation comprise three 
e ony sets of moraines indicative of a maximum advance of the ice and two recessional halts or 
>relim4 minor readvances. 
istrict Moraines of two minor advances of the ice, correlated with the Temple Lake and his- 
51-112) toric stades of Neoglaciation in the Wind River Mountains, occur in the cirque heads. 
sits of 
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watch INTRODUCTION Park boundary and by lesser recessional 
1-26 moraines upstream. Although Lee’s interpreta- 


origin) Among the reasons for establishing Rocky 

rado:Vountain National Park 

335-preservation of the scenic grandeur of its 
lacial setting—rugged snow-banked cirques, 
parkling rock-bound tarns, steep-walled U- 

» puethaped canyons, and broad moraine-enclosed 
basins. 

U.S.) Lee (1917) was the first to describe and 
terpret the glacial history of this setting; he 
ecognized two episodes—an older “pre- 
fisconsin” glaciation! inferred primarily 
lrom the shape of some of the lower basins 
juch as Estes Park or Tahosa Valley, and a 
younger ‘‘Wisconsin” glaciation, represented 
by large terminal moraines along the National 


‘The terms glaciation and stade are applied in 
eu of the terms stage and substage throughout this 
eport in the sense recommended by the American 
tratigraphic Commission (1959), but informally 
jnd without capitalization. 


in 1915 was the’ 


tion of a glacial origin for the lower basins has 
received some support (Fuller, 1923), most 
subsequent workers have considered the lower 
basins to be erosional features of nonglacial 
origin (L. O. Quam, 1938, Ph.D. thesis, Clark 
Univ.; Ray, 1940; Jones and Quam, 1944). 

The “Wisconsin” moraines have been inter- 
preted in a variety of ways. Ray (1940) first 
recognized that they represented multiple 
glaciation and distinguished five “substages” 
of Wisconsin glaciation. Jones and Quam (1944) 
considered them to represent three “‘stages”’ of 
glaciation, believing that the three youngest 
substages of Ray were deposits of a single 
advance of the ice. Richmond (1953) suggested 
some further modifications which are here 
revised and elaborated upon. The present paper 
is based on studies made on weekends and 
other brief visits over a period of years begin- 
ning in 1952. 
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NOMENCLATURE 


The writer correlates the glaciations of this 
area with those of the Wind River Mountains 
of Wyoming where Blackwelder (1915) recog- 
nized and defined three glacial stages, from 
oldest to youngest, the Buffalo, Bull Lake, and 
Pinedale. The terms Bull Lake and Pinedale 
are used here to avoid introducing new names, 
but because deposits included in the Buffalo 
stage in the Wind River Mountains represent 
more than one glaciation (Richmond, 1957), 
correlative deposits in this area will be simply 
referred to as pre-Bull Lake. 

Deposits of two Recent minor advances of 


| weathe 
are 
thicker 
; | 5/6) w 
the ice, both restricted to the cirques, an ot y 
referred to the Neoglaciation (term propos 2 
by Moss, 1951a). The term Temple Laki. 
(Hack, 1943; Moss, 1951a; 1951b) has beep Pt"! 
applied to deposits of the earlier stade in th day ° 
Wind River Mountains; the term historic i which 


here applied informally to those of the lat value | 
stade. __ The 


ithe B 
basis ¢ 
reddis] 
weathe 

Distinction between deposits of the ie boulde 
glaciations in Rocky Mountain National Par} limits | 
is readily made on the basis of their physic 


coarse 


' 
CHARACTERISTICS OF THE GLACIAL Deposit} 
AND CRITERIA FOR CORRELATION | 





CHARACTERISTICS OF GLACIAL DEPOSITS 


graphic, stratigraphic, and weathering charac- 
teristics, and their correlation with the glacia- 
tions of the Wind River Mountains is based on 
comparison of these characteristics. The de- 
posits in both areas are derived primarily from 
Precambrian crystalline rocks. 

PRE-BULL LAKE GLACIATION: Deposits of a 
pre-Bull Lake glaciation have been recognized 
with certainty in only one part of the area. 
W. S. Cooper (Personal communication, 1952; 
in Richmond, 1953) found numerous erratics 
and scattered areas of deeply weathered till in 
Tahosa Valley, east of Longs Peak (Fig. 1). 
The deposits lie beyond the outer limits of 
moraines of the Bull Lake glaciation and rest 
on a pre-canyon broad valley erosion surface 
underlain by deeply disintegrated and decom- 
posed gneiss and schist. 

a: The deposits of till are sheetlike and lack 
morainal topography. Their maximum observed 
thickness is about 6 feet. Boulders on the sur- 
face tend to be broken or deeply exfoliated, and 
,no striations were found on them. At depth the 
deposits consist of a mixture of boulders, 
cobbles, sand, and silt. Exotic rock types are 
common. Many of the rock fragments and much 
of the matrix are derived from the underlying 
rotted rock. However, fresh cobbles and 
boulders from other sources are present. Most 
are angular to subangular, but a few are 
jrounded. Some appear glacially soled and 
, faceted, and striations were observed on a few 
| of the dense fine-grained types. 
| The weathering of these deposits is unlike 
that on other tills in the area. The weathered 
zone, whose undulations suggest that it formed 
|on a pre-existing topography, is clearly crosscut 
|by the present land surface and surface soil. 
* {The maximum observed thickness of the 
weathered zone is about 4 feet, but its truncated 
aa 
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character suggests that it may have been much 
thicker. The material is yellowish red (SYR 
5/6) when dry, strong brown (7.5YR 5/6) when 
es, 41 vet. When dry it is hard, compact, and has a 
Fopose! coarse angular blocky structure. Although 
zs > primarily sandy to silty, it contains sufficient 
ee clay to be plastic when wet. The pH is 4.5, 
toric j Which is considerably lower than the average 6.5 
1e late Value for the surface soil. 

| These deposits are correlated with those of 

'the Buffalo glaciations of Wyoming on the 
ame | basis of their lack of morainal topography, the 
: jreddish color and clayey character of the 
weathered zone, abundance of deeply weathered 


lifferen} boulders, and their location beyond the outer 
al Par} jimits of moraines of the Bull Lake glaciation. 
physio 
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The degree of destruction of morainal topog- 
raphy and the very marked weathering of the 
till, together with the fact that the weathered 
zone is locally overlain by till of the Bull Lake 
glaciation, indicate that pre-Bull Lake glacia- 
tion was separated from Bull Lake glaciation 
by an interglacial interval. 

BULL LAKE GLACIATION: Bull Lake glaciation 
is represented by remnants of low moraines 
representing two advances of the ice, along 
the valley walls and floors. Terminal moraines 
are broadly breached by axial streams; lateral 
moraines are segmented by tributaries. The 
morainal slopes are smooth and bear a scat- 
tering of boulders. Many of these are cracked, 
spheroidally spalled, or split apart, and most 
are sufficiently weathered so that striated 
surfaces are no longer identifiable. 

The till at depth is gray brown, compact, 
sandy to silty and bouldery. The rock frag- 
ments although stained brown are for the most 
part fresh within. Some, however, are deeply 
disintegrated, especially those composed of 
mafic minerals. Both fresh and disintegrated 
rocks occur throughout the full thickness of 
the deposits. Striations are locally preserved on 
dense rock types, and soled and faceted stones 
are abundant. 

A gray-brown podzolic soil about 5 feet 
thick is formed on the deposits. Its A horizon 
is 2 to 6 inches thick and consists of dark- 
grayish-brown, loose to friable sandy loam. An 
underlying A; horizon is 6 to 10 inches thick 
and consists of pale-brown (10YR 6/3), slightly 
hard, sandy material that has a fine angular 
blocky structure and a pH of 6.0. The B horizon 
is 36 to 48 inches thick and is composed of 
hard compact silty sand that has a coarse 
angular blocky structure when dry and contains 
sufficient clay to be slightly plastic when wet. 
The color is strong brown (7.5YR 5/6) to 
reddish brown (SYR 5/4), and the pH is 6.0. 
This material grades downward into fresh 
pale-brown (10YR 6/3) till that is compact 
but friable and has a pH of 7.0. 

The terminal moraines of Bull Lake glacia- 
tion in Rocky Mountain National Park are 
unusually small as compared to those at the 
type locality in the Wind River Mountains. 
Other characteristics of the deposits, however, 
support their correlation. In both areas the 
deposits are the oldest and most extensive of 
those having weli-preserved morainal topog- 
raphy. They have mature slopes that are 
relatively much less bouldery than those of the 
Pinedale glaciation and are breached by axial 
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and tributary streams. The tills are compact, 
stained brownish, and contain the same general 
proportion of deeply weathered stones. The 
soils on the tills have similarly mature zonal 
profiles and are much less weathered than 
those on pre-Bull Lake tills but much more 
strongly developed than those on tills of the 
Pinedale glaciation. 

The contrast in degree of development of 
the soils on deposits of the Bull Lake and 
Pinedale glaciations and the fact that till of 
the Pinedale glaciation locally overlies the soil 
developed on till of the Bull Lake glaciation 
suggest that these glaciations were separated 
by an interval of interglacial proportions. The 
fact that certain valleys, such as those north- 
east of Longs Peak, Hidden Valley, and the 
head of Forest Canyon were occupied by Bull 
Lake ice, but not by Pinedale ice, strengthens 
this hypothesis. The till in these valleys bears 
the post-Bull Lake soil, and the mouth of 
Hidden Valley is crossed by the outermost 
lateral moraine of Pinedale glaciation. The 
cirques at the heads of these valleys lack steep 
headwalls characteristic of Pinedale glaciation, 
and the slopes are thickly mantled with talus 
and solifluction debris which, although locally 
active in Pinedale time, bears a mature zonal 
soil like that on till of the Bull Lake glaciation 
in many places. The writer interprets these 
features as indicating that the ice probably 
withdrew entirely from the mountains between 
the Bull Lake and Pinedale glaciations. 

PINEDALE GLACIATION: Pinedale glaciation in 
Rocky Mountain National Park includes 
moraines representing three pulsations of the 
ice. Moraines of the early stade are compara- 
tively large and in places overlap those of Bull 
Lake glaciation. Their surface is irregular, 
hummocky, and littered with fresh boulders. 
Slopes are but littie dissected, and kettles 
contain water at least seasonally. Terminal 
moraines are only partly breached by axial 
streams, and lateral moraines are but little 
dissected. The till is more sandy and much 
more bouldery than that of the Bull Lake 
glaciation. Many of the boulders are soled, 
faceted, or striated. 

The deposits bear an immature brown 
podzolic soil about 12 to 18 inches thick. Its A 
horizon is 2 to 6 inches thick and consists of 
dark-grayish-brown to grayish-brown loose 


sandy loam. The B horizon is 8 to 14 inches 
thick and pale brown (10YR 6/3) to light 
yellowish brown (10YR 6/4). The material is 
friable, sandy, and lacks any distinct evidence 
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of clay accumulation. Its pH is 6.5 to 7.0. The 
fresh till is light gray to light brownish gray} 
(10YR 6/2-7/2), friable, and sandy; its pH it 
7.0. 

Moraines of the middle and late stades of 
Pinedale glaciation are relatively small, but 
their surface features, internal character, and} 
soil are like those of moraines of the early| 
stade. The deposits are distinguished as stades} 
because their form: and local relationships | 
outwash deposits indicate that they mark! 
standstills or minor readvances of the ice. No} 
soils or deposits suggestive of a major recession 
of the glaciers separate them. 

Correlation of these deposits with those of| 
the type locality of Pinedale glaciation in the, 
Wind River Mountains is based on the com-| 
parable youthful aspect of the moraines, abun-| 
dance of boulders at the surface, degree of 
dissection by axial and tributary streams, 
loose and sandy texture of the till, freshness 
and abundance of striations of the boulders, 
and comparable immature character of the soil., 
The deposits also represent the youngest major 
glaciation in both areas. 

The interval between Pinedale glaciation 
and Neoglaciation is the so-called postglacial 
optimum or altithermal age. During this 
interval the glaciers are believed to have 
disappeared entirely from Rocky Mountain 
National Park. This is suggested by (1) the 
fact that many cirques occupied in Pinedale 
time were not reoccupied in Neoglacial time 
and only the more sheltered parts of others 
were reoccupied; (2) the contrast in character 
of the immature soil developed on till of Pine- 
dale age in the cirques and the thin azonal soil 
developed on adjacent small moraines of 
Neoglacial age; (3) the presence, along cirque| 
headwalls, of inactive talus, bearing the post-/ 
Pinedale soil, adjacent to and locally overlapped] 
by fresh active talus; (4) the presence, on sum- 
mit uplands cut by cirques, of extensive inactive 
block rubble, patterned ground and solifluction 
deposits, bearing a soil like that on till of the 
Pinedale glaciation, which are sharply trun-| 
cated by smaller and younger areas of the) 
same kind of periglacial deposits. Some of these! 
are inactive and bear a thin azonal soil; others 
are active. Together these features lead the 
writer to the conclusion that the glaciers 
disappeared and that freezing and thawing, 
which had been active on slopes near the ice 
during Pinedale glaciation, essentially ceased. 

NEOGLACIATION: Neoglaciation included two 
small advances of the ice in the cirques. End 
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CHARACTERISTICS OF GLACIAL DEPOSITS 


moraines and rock glaciers of the older or 
Temple Lake stade are at most a mile from 
the cirque headwall and commonly about half 
a mile. The deposits are small and very boul- 
dery. Most of the boulders are blocky and 
angular, but a few display evidence of glacial 
abrasion. 

The moraines tend to be covered by a scrub 
spruce or tundra vegetation, and boulders at the 
surface commonly bear lichens. The soil on the 
deposits is azonal. Its A horizon is 6 to 10 
inches thick and consists of brown (10YR 4/3) 
humus and sandy mineral debris, which 
directly overlies the yellowish-brown (10YR 
5/4) stony sandy till. 

The moraines and rock glaciers of the 
younger or historic stade lie at the cirque 
heads above those of the Temple Lake stade. 
They appear very fresh, are blocky, and have 
no soil. The boulders are unweathered and in 
most places do not bear lichens, although a 
few annual plants grow on the deposits. ‘Thir- 
teen small glaciers, some of which are merely 
stagnant ice bodies, were observed back of these 
deposits in the area studied (Fig. 1). 

Correlation of the deposits of the Temple 
Lake stade with those at the type locality in 
the Wind River Mountains (Moss, 1951la) is 
based on the position of the moraines at the 
mouths of the cirques, their freshness as 
compared to those of Pinedale age, and their 
relatively thin and weakly developed soil as 
compared to that on adjacent till of Pinedale 
age. Deposits of the historic stade are extremely 
fresh, lack vegetation, and lie in front of existing 
glaciers or in cirques from which glaciers have 
only recently disappeared in both areas. 


DESCRIPTIONS OF INDIVIDUAL CANYONS 


Significantly different interpretations exist 
as to which groups of moraines in Rocky 
Mountain National Park represent major 
glaciations, which represent regionally wide- 
spread halts or readvances within glaciations, 
and which represent merely minor changes in 
ice regimen due, for example, to orographic 
differences from canyon to canyon. For this 
reason, the four major drainage systems 
on the east slope of the Park (Fig. 1) are 
discussed individually. The writer’s correla- 
tion of the nomenclature assigned to specific 
moraines in three of the drainages by the 
several workers is shown in Table 1. 

FALL RIVER: About 3 miles west of the town 
of Estes Park (Fig. 1) at an altitude of 7880 
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feet, the narrow V-shaped winding canyon of 
Fall River opens abruptly into a broad valley 
whose U-shaped profile suggests that it has 
been glaciated. Along the highway near the 
lower end of the valley are deposits that contain 
exotic rock fragments and may be pre-Bull 
Lake till (Fig. 1). They lack morainal form and 
lie downstream and upslope from moraines of 
Bull Lake glaciation. The soil on them, however, 
is like that on moraines of the Bull Lake glacia- 
tion. Although positive criteria are lacking, it 
seems likely that a glacier extended to the 
lower end of the U-shaped valley in pre-Bull 
Lake time. 

Two distinct end moraines, differentiated as 
“Old Moraine remnants” by Jones and Quam 
(1944), characterize Bull Lake glaciation on 
Fall River (Fig. 1). They form low ridges which 
border the valley just outside the Park bound- 
ary and extend down to the valley floor at 
altitudes of 8040 and 8100 feet respectively. 
In places they extend across rock knobs which 
project through them. Both moraines possess 
the aspects of Bull Lake glaciation, and the 
characteristic soil profile is exceptionally well 
exposed in road cuts along the highway just 
outside the Park boundary. On the south side 
of the valley, the outer moraine grades into a 
bouldery outwash plain which, together with 
the moraine, is trenched about 30 feet by a 
lower outwash plain. This lower outwash heads 
against the inner moraine along an_inter- 
morainal outwash channel separating it from 
the outer moraine. Both the outwash plain and 
the inner moraine are in turn trenched by a 
still lower narrow outwash terrace that stems 
from moraines of Pinedale glaciation upstream. 

These relationships indicate that the two 
moraines of Bull Lake glaciation represent 
separate stands of the ice, an early stade and 
a late stade. No evidence suggesting how far 
the ice may have receded between them was 
found. The dual character of Bull Lake glacia- 
tion is further indicated by the fact that the 
inner moraine cuts out the outer moraine 
headward along the south wall of the valley. 

The oldest moraine of Pinedale glaciation is 
crossed by the highway just west of the Park 
boundary. It forms a narrow ridge about 200 
feet high whose lowest point is at an altitude of 
about 8280 feet. Along both sides of the valley, 
this moraine successively overlaps and cuts 
out the lateral moraine of the late stade of Bull 
Lake glaciation. Just inside it is a second 
large moraine of Pinedale aspect which as a 
continuous ridge, not only cuts out the first 
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moraine headward along both walls of the 
valley but also breaches it on the valley floor 
to form a narrow terminal snout at an altitude 
of 8250 feet. 

Both moraines are hummocky, little dis- 
sected, very bouldery, and bear only an 
immature brown podzolic soil. The till also 
contains many boulders, of which most are 
fresh and many are striated. The relationships 
and characteristics of these moraines suggest 
that they represent an early and a middle 
stade of Pinedale glaciation. They are the Park 
Border moraines of Jones and Quam (1944) 
and were mapped as Wisconsin II substage by 
Ray (1940). 

Upvalley are a number of morainal deposits 
which together were called Upper Valley 
moraines by Jones and Quam (1944). Ray 
(1940, p. 1868) identified a “mass of jumbled 
morainal material’’ between altitudes of 8900 
and 9300 feet on Fall River as his Wisconsin 
III substage. The writer would classify this 
deposit as bouldery ground moraine. A small 
but prominent end moraine with associated 
outwash plain at 10,600 feet on Fall River, 
called Wisconsin IV substage by Ray, is con- 
sidered by the writer to mark the late stade of 
Pinedale glaciation. Similar moraines lie on 
Sundance Creek at 10,000 feet, on Chiquita 
Creek at 10,600 feet, and on Roaring River at 
10,900 feet. All have an immature brown 
podzolic soil like that on moraines of the middle 
and lower stades downstream. 

Many of the cirques at the head of Fall 
River and its major tributary, Roaring River, 
contain a moraine, protalus rampart, or talus 
lobe which, except where very blocky, is over- 
grown with tundra and scrub spruce, and bears 
a thin azonal soil. These deposits are referred 
to the Temple Lake stade of Neoglaciation. In 
cirques at the head of Roaring River and its 
tributaries, but not at the head of Fall River, 
are younger fresh moraines and _ protalus 
ramparts that lack vegetation and a soil 
profile, and are referred to the historic stade of 
Neoglaciation. 

BIG THOMPSON RIVER: The oldest glacial 
deposits known along Big Thompson River are 
characteristic of Bull Lake glaciation and were 
mapped as Old Moraine remnants by Jones and 
Quam (1944). They form a single low boulder- 
strewn ridge which lies on the north slope of the 
valley at the Park boundary and terminates 
against bedrock a short distance to the east 
at an altitude of 7850 feet. From here, the 
deposits can be traced discontinuously to the 
lower end of Moraine Park, across the east end 
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of which they trend as a bouldery veneer 
between 8300 and 8400 feet in altitude. To the 
north, the deposits extend as a low north- 
west-trending ridge into the drainage of Beaver 
Meadows Brook, where a soil like that on 
moraines of Bull Lake glaciation along Fall 
River is exposed at roadcuts in them. To the 
south, the moraine forming the highest part of 
the south rim of Moraine Park is also a deposit 
of Bull Lake glaciation. 

These several deposits outline only one 
advance of Bull Lake glaciation, probably the 
early stade, for no other glacial deposits occur 
downstream and the large size and close 
proximity of moraines of the Pinedale glaciation 
suggest that they may overlie a moraine of the 
late stade of Bull Lake giaciation. 

Contrasting with the small mature moraine 
of Bull Lake glaciation is the broad high 
bouldery ridge of youthful appearance and 
shallow immature soil that encloses Moraine 
Park. This deposit, which attains a lower limit 
of 7850 feet, was mapped as Wisconsin IT sub- 
stage by Ray (1940) and as Park Border mo- 
raines by Jones and Quam (1944). It includes an 
outer and an inner ridge, separated in several 
places by an outwash channel. The writer 
considers these ridges to represent respectively 
the early and middle stades of Pinedale glacia- 
tion. Deposits on the floor of Moraine Park at 
about 8050 to 8100 feet, mapped as Upper 
Valley moraines by Jones and Quam, appear 
to be mainly areas of ground moraine, in part 
on bedrock knobs whose structural trend gives 
them a morainal aspect. 

Moraines considered to represent the late 
stade of Pinedale glaciation occur on the three 
lower tributaries of Big Thompson River above 
the confluence of Spruce Canyon at altitudes 
ranging from 9800 to 10,700 feet. Ray inferred 
that the one in Hayden Canyon represented his 
Wisconsin IV substage. No trace of a moraine 
was found along Big Thompson River between 
Spruce Canyon and Hayden Canyon where 
Ray (1940, p. 1869, Fig. 5) suggested that a 
deposit of his Wisconsin III substage might 
exist. 

In Spruce Canyon, a moraine which Ray 
believed might be between 9000 and 9500 
feet altitude is at an altitude of 9100 feet and 
is believed to mark the upper stade of Pinedale 
glaciation. A high bedrock cliff occurs at the 
site (10,100, 1919 topography = 10,450, 1957 
topography) of a moraine said by Ray (1940, 
p. 1969) to represent his Wisconsin IV substage. 

In Fern Canyon, the moraine enclosing 
Fern Lake (Wisconsin III substage of Ray, 
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DESCRIPTIONS OF INDIVIDUAL CANYONS 


Upper Canyon moraine of Jones and Quam) 
at an altitude of 9525 feet represents the upper 
stade of Pinedale glaciation. The next lake 
upstream, Odessa Lake, considered to be 
enclosed by a moraine of the Wisconsin IV 
substage at 10,025 feet (Ray, 1940, p. 1869), 
is a rock-bound tarn. 

All the prominent cirques in the upper 
drainage of Big Thompson River except the 
two at the head of Forest Canyon contain a 
succession of moraines, rock glaciers, or 
protalus ramparts whose character and relation- 
ships indicate two minor advances of Neo- 
glaciation. The outer deposits are like those of 
the Temple Lake stade. The inner deposits have 
)the fresh aspect characteristic of the historic 
stade and in a number of places lie immediately 
below a small glacier (Fig. 1). 

Of particular interest is the sequence of 
| moraines at the head of Spruce Canyon, one of 
which is the type locality of the Wisconsin V 
or Sprague substage of glaciation of Ray 
$ (1939; 1940) and Bryan and Ray (1940). The 

moraine (Ray, 1940, Pl. 2, fig. 1) lies at an 
altitude of 11,750 feet in a cirque on the north 
side of the head of Spruce Canyon below the 
lower of two lakes at the foot of Sprague Glacier. 
It is a broad, relatively smooth, bouldery 
deposit that supports a tundra vegetation and 
bears a thin azonal soil which contrasts mark- 
edly with the immature brown podzolic soil on 
inearby tili of the Pinedale glaciation. The 
| deposit thus has the aspect common to moraines 
lof the Temple Lake stade of Neoglaciation, 
| with which it is here correlated. The lake in 
| which Sprague Glacier terminates (11,850 feet) 
is partly enclosed by fresh barren morainal 
debris on which no soil is developed. This 
}deposit is distinctly younger than the type 
{ moraine of Ray’s Wisconsin V substage and is 
| similar to moraines formed during the historic 
stade. 

Near Sprague Glacier on the floor of Spruce 
Canyon at an altitude of 10,800 feet are a pair 
of moraines, both characteristic of the Temple 

| Lake stade and both derived from the same 





cirque on the south side of the canyon. The 


upper moraine transects the lower, and outwash 
from it cuts across the lower in such a way as 
| to suggest that the Temple Lake stade locally 
included two minor pulsations of the ice. A 
characteristic of the 
historic stade, lies upstream at an altitude of 
11,100 feet near the base of the cirque headwall. 
| GLACIER CREEK: The outermost glacial 
deposits in the valley of Glacier Creek attain a 
lower limit of 7800 feet altitude and represent 
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the Bull Lake glaciation (Fig. 1). They were 
mapped as “Old Moraine remnants” by Jones 
and Quam (1944), who first observed the mature 
gray-brown podzolic soil, typical of these 
deposits, at a well-preserved exposure where 
the highway into Glacier Basin starts up the 
enclosing ridge. Just east of this exposure, the 
soil on till of Bull Lake glaciation is overlapped 
by the fresh, much more bouldery till of the 
Pinedale glaciation. 

The large high lateral moraines that rim 
Glacier Basin join to form a narrow terminus 
at its lower end at an altitude of about 8200 feet. 
This moraine marks the early stade of Pinedale 
glaciation. It represents the Wisconsin II 
substage of Ray and the Park Border moraine 
of Jones and Quam. At the upper end of Glacier 
Basin, two low moraines, characteristic of 
Pinedale glaciation, branch across the valley at 
altitudes of 8760 and 8800 feet respectively 
from a single lateral moraine (Fig. 1). Both are 
considered to represent the middle stade of 
Pinedale glaciation. They are included in the 
Upper Valley moraines of Jones and Quam 
(1944, Fig. 3). 

Upstream, where several tributaries branch 
from Glacier Creek, segments of small, irregular, 
but clearly delineated moraines outline the 
position of glaciers that formerly occupied each 
tributary. Their termini lie between 9400 and 
9600 feet in altitude. The deposits are fresh 
and bouldery. Ray interpreted them as out- 
lining a single large ice mass which he referred 
to the Wisconsin III substage. They were 
included as Upper Valley moraines by Jones 
and Quam and are considered herein to repre- 
sent the late stade of Pinedale glaciation. The 
writer found no clearly distinguishable evidence 
of other halts or readvances of the ice between 
these deposits and the cirques. 

Within each cirque are two sets of moraines, 
rock glaciers, or protalus ramparts whose 
character and contrasting habit clearly distin- 
guish them as correlative with the Temple Lake 
and historic stades of Neoglaciation. Many of 
those of the historic stade lie at the foot of 
small headwall glaciers. Deposits of the Temple 
Lake stade in the canyon between Andrews and 
Tyndall glaciers constitute a large rock glacier 
whose morphology suggests that it formed 
during two episodes of movement. The relation- 
ships of two moraines of the historic stade at 
the foot of Tyndall Glacier also suggest two 
pulsations of the ice at that time. Such a two- 
fold habit among deposits of the Temple Lake 
and historic stades is not uncommon in the 
Rocky Mountain region, but is not a consistent 
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feature from one range to another, or from 
canyon to canyon with a single range. 

ROARING FORK: The canyon of Roaring Fork, 
east of Longs Peak, is of interest because the 
moraine of the early stade of Pinedale glaciation 
breached and extended beyond those of Bull 
Lake glaciation (Fig. 1). The latter form a huge 
bulky lobate mass at 9000 feet altitude where 
the canyon issues from the mountain front. 
Both the outer and inner moraines can be 
distinguished on the north side of the canyon. 
Only the inner moraine was differentiated on 
the south side. 

The moraine of the early stade of Pinedale 
glaciation, fresher and more bouldery than 
those of Bull Lake glaciation, extends as a 
narrow tongue through a gap, probably a former 
outwash channel in the older moraines, to a 
lower limit of about 8800 feet. 

A similar morainal tongue farther up the 
canyon at an altitude of 9300 feet probably 
represents the middle stade of Pinedale glacia- 
tion. Still higher in the canyon, at an altitude 
of 10,400 feet, large angular blocks, chaot- 
ically jumbled, form a long narrow lobe which 
heads in lateral moraines on either side of the 
valley and probably represents the late stade 
of Pinedale glaciation. No other morainal 
deposits of Pinedale aspect were found up- 
stream; the canyon is floored only by striated 
rock ledges over which numerous glacial 
boulders are scattered. 

Chasm Lake, at the head of the canyon, is a 
rock-enclosed tarn, but morainal debris covered 
by grass and local patches of scrub spruce 
overlies the bedrock and may represent the 
Temple Lake stade of Neoglaciation. A more 
distinct moraine, characteristic of the Temple 
Lake stade, lies on the steep slopes of the cirque 
to the southeast. Fresh blocky moraines of the 
historic stade also spill from this cirque and 
from two sources in the east cirque of Longs 
Peak. 

Two large boulder fields extend north from 
the north cirque of Longs Peak. The outer, 
which appears stagnant and is covered with 
vegetation, probably formed during the Tem- 
ple Lake stade. The inner, which appears to 
consist of the reactivated headward portion of 
the outer and is intermittently active at present, 
is referred to the historic stade. 


SUMMARY OF GLACIAL History 


The east slope of Rocky Mountain National 
Park has been glaciated at least three times 
during the Pleistocene, and two small rejuvena- 
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tions of the ice have occurred in Recent time, 
In Tahosa Valley, east of Longs Peak, the 
oldest or pre-Bull glaciation appears to be of 
pre-canyon origin, although the broad valley 
surface on which the deposits rest may have 
been entrenched by the canyon before the ice 
advanced over it. Deposits of a younger ques 
tionable pre-Bull Lake glaciation pose 
canyon cutting along Fall River. 

The interglaciation separating pre-Bull Lake 
from Bull Lake glaciation was of sufficient 
magnitude for deep weathering to have oc-} 
curred, but little canyon erosion appears to 
have taken place at this time in the park. 

Bull Lake glaciation was marked by two! 
stades during which two distinct sets of mo-} 
raines were formed. The major glaciers were 6 
to 10 miles long and terminated just outside 
the Park boundary at altitudes of 7800 to 9000 | 
feet. No positive evidence suggests the extent! 
of interstadial recession, but the degree of 
development and widespread distribution of a 
soil buried between outwash deposits of the! 
two advances elsewhere in the Rocky Moun- 
tains lead the writer to believe that the ice 
receded nearly to the cirques. 

During the interglaciation separating the 
Bull Lake and Pinedale glaciations the ice 
probably disappeared entirely from the moun- 
tains. A mature zonal soil developed, and 
erosion of 20 to 30 feet took place locally along | 
major streams below the terminal moraines. 

During Pinedale time, glaciers failed to} 
reoccupy some cirques that had been occupied | 
in Bull Lake time. The Pinedale glaciation was | 
characterized by three stades. During the} 
early advance, glaciers in general attained a| 
position immediately in back of moraines of| 
Bull Lake glaciation but locally overlapped } 
these moraines and in one place breached them. | 
Moraines of the middle stade probably mark a | 
readvance of the ice that on Fall River breached | 
the terminal moraine of the early stade and in 
Moraine Park reached the same position at- 
tained during that stade. Elsewhere, the middle | 
stade recorded a recession of the ice of at least | 
2 miles resulting in glaciers 3 to 8 miles long. | 
During the late stade of Pinedale glaciation, | 
the ice everywhere receded markedly and | 
tended to subdivide into tongues that failed to 
coalesce in the major canyons. These glaciers 
ranged from 2 to 5 miles in length. A radio- 
carbon date from peat at the base of a bog on 
one of these deposits, the type locality of the | 
Wisconsin IV or Long Draw substage of Ray, | 
is 6170 + 240 years (Rubin and Suess, 1955). | 
The peat is gradational downward into glacial 
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SUMMARY OF GLACIAL HISTORY 


silt, outwash gravel, and till, suggesting that it 
began to form shortly after recession of the ice. 

A variety of evidence suggests that the 
Pinedale glaciers disappeared entirely from the 
mountains during the succeeding postglacial 
optimum or altithermal age and that freeze 
and thaw processes ceased to be effective on 
cirque headwalls and adjacent upland slopes. 
An immature zonal soil formed and erosion of 
a few feet occurred along major streams below 
the terminal moraines of Pinedale glaciation. 
These moraines probably retained shallow 
lakes at this time. 

Small glaciers, formed during Neoglaciation, 
failed to reoccupy many cirques occupied in 
Pinedale time and developed only in the more 
sheltered parts of others. Two advances of the 
ice, the Temple Lake and historic stades, are 
recorded. Both are included within the Little 
Ice Age of Matthes (1939; 1940), and both 
include local evidence of at least two secondary 
pulsations. Most of the ice bodies were less 
than half a mile long. 

Deposits in the La Sal Mountains, Utah, 
which are correlated with the Temple Lake 
stade have been dated as 2800 + 200 years old 
(Rubin and Suess, 1955) and are estimated to 
have formed from about 3800 to about 2000 
years ago. The historic stade may have attained 
its last maximum in Rocky Mountain National 
Park about 1860. Thirteen small glaciers and 
stagnant ice bodies are relict from this advance 
in the area at present. 
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CONTACT METAMORPHISM IN SANTA ROSA RANGE, NEVADA 
| By Rosert R. Compton 
ABSTRACT 


The metamorphic rocks of the Santa Rosa Range of north-central Nevada represent 
i a sequence of Upper Triassic (and Jurassic?) sediments that was 20,000 feet thick before 
it was strongly folded, metamorphosed, locally faulted, and intruded by granitic stocks. 
Each of the six formations is dominantly metapelitic, although quartzitic, calcareous, 
and dolomitic rocks are widespread. AJl the rocks were converted to metamorphic assem- 


j blages of quartz, albite, muscovite, chlorite, and carbonates before and during the regional 
j folding. The nine stocks consist mainly of sodic granodiorite, but adamellite, trondh- 
} jemite, and tonalite are locally abundant. Early chilled apophyses show the magmas 


originally contained few if any crystals, and structural relationships prove the stocks 
| are dominantly crosscutting (stoped?) bodies. 

Forty-six chemical analyses of metapelites show that most of the phyllites have percent- 

age compositions close to: SiOz, 61.3; TiOz, 1.0; Al,O3, 19.3; Fe2O3, 1.2; FeO, 5.5; MnO, 
0.07; MgO, 1.9; CaO, 0.6; Na,O, 1.5; K,0, 3.0; H2,O, 3.9; P.O;, 0.15. Besides dehydra- 
tion, the only metasomatism during progressive contact metamorphism was minor 
desilication anc addition of Fe around one stock. 
‘ Although their compositions are similar, the rocks developed four combinations of 
critical minera!s in the outer and intermediate parts of the aureoles, namely, cordierite- 
biotite, cordievite-andalusite-biotite, staurolite-andalusite-biotite, and andalusite-biotite. 
Textures and structures show that directed stress was equally effective in all these 
rocks. Around most of the stocks, contact metamorphism began with the reaction of 
chlorite and muscovite to biotite and andalusite; cordierite shortly joined these min- 
erals. Near the stocks, muscovite and biotite were converted to K feldspar, cordierite, 
and iron ores, and sillimanite formed locally. Staurolitic rocks occur locally in the outer 
part of one of the cordieritic aureoles and form the major assemblage of another aureole, 
apparently having remained stable (or metastable) to the point where sillimanite formed, 
very near the stock. Andalusite-biotite rocks, typically mixed with the staurolitic rocks, 
formed also in the outer parts of the cordieritic aureoles, as well as by retrogressive re- 
j action of cordierite to biotite deeper within these aureoles. Differences in original com- 
| position were considered as a possible reason for the four assemblages, and the cordier- 
ite-biotite rocks can be explained in this way; the others, however, cannot. The 
staurolitic assemblage apparently formed where magmatic fluids catalyzed the lower-tem- 
| perature reactions, whereas the cordieritic rocks formed in drier aureoles where reactions 
could not go appreciably until higher temperatures were reached. Mineral assemblages of 
} basaltic, calcareous, and impure dolomitic rocks show that the aureoles are almost entirely 
| in amphibolite facies and perhaps partly in greenschist and pyroxene hornfels facies. 

In the final stages of igneouscrystallization, fluids from the stocks desilicated the hornfels 
locally and added one or both alkalies. Later, cooler fluids rehydrated most of the contact- 
metamorphic rocks and added considerable K,0 to them. 

This study emphasizes the influence of magmatic water on contact-metamorphic 
reactions; the relationships suggest that the rapid rate of heating by intrusive magma 
may be the most significant characteristic of contact, as compared to regional, metamor- 

' phism. 
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INTRODUCTION 


The author began a general examination of 
igneous activity and metamorphism in Santa 
Rosa Range, Nevada, in 1952. Petrographic 
discoveries made during the course of mapping 
the range (at a scale of 1:18,000) focused 
attention on the contact-metamorphosed 
pelites, for hornfelses are extremely desilicated 
in some places; also the variety of mineral 
assemblages in unmetasomatized rocks seemed 
to defy the mineral-facies principle. The 
aureoles were mapped in two zones; the author 
studied 600 specimens in thin section, and 
selected 50 rocks for chemical analysis. This 
paper reports and interprets data on the 
aureoles. Final synthesis emphasizes the im- 
portance of fluid movements at the various 
stages of contact metamorphism, and especially 
the kinetic influence of fluids on the develop- 
ment of mineral parageneses. The results 
suggest that the rate of heating by a magma 
may be an important factor in causing the 
mineralogic differences between regional- and 
contact-metamorphic rocks. 

ACKNOWLEDGMENTS: Three field classes from 


Stanford University helped map the area, and | 
although instructors supervised and checked ; 
the students’ work, many contacts and other | 
structures on Plate 1 are exactly as students | 
plotted them. Contributors are listed on Plate | 
1; however, the author alone is responsible for | 
this compilation and the errors it may have 

introduced. Wayne Cloward and Eugene | 
Hoffmann of the U. S. Forest Service aided the 

field work in many ways. A research grant from | 
The Penrose Bequest of The Geological Society | 
of America financed the chemical analyses, as | 
well as parts of the author’s field and laboratory | 
expenses. R. Willden of the U. S. Geological 
Survey loaned petrographic materials, supplied 
copies of chemical analyses of rocks, and con- 
tributed freely from his knowledge of the 
regional geology. S. W. Muller kindly examined | 
most of the fossils and discussed some of the | 
stratigraphic problems with the author; N. J. | 
Silberling of the U. S. Geological Survey also | 
examined some of the fossils. A Postdoctoral 
Fellowship of the National Science Foundation 
enabled the author to compare the rocks dis- 
cussed herein with granitic bodies and aureoles 
in Britain and Europe. Many British geologists 
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author thanks them for their kind hospitality. 


metamorphic rocks, granitic; stocks, and 
contact-metamorphic aureoles of the Bloody 
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plied analyses made in the Geochemical Laboratory 
| of Imperial College, London; these analyses 
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eoles | range to the north (Fig. 1). This study deals 
| with the magnificently exposed low-grade 
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main range. The metamorphic rocks are part 


of a thick sequence of Triassic rocks (mainly 

metapelites) that crop out widely in the north- 

west quarter of Nevada. Mio-Pliocene lavas 

cover the metamorphic rocks in the north part 
of the range and over adjoining parts of Oregon 
and Idaho. No Paleozoic rocks crop out in 
Santa Rosa Range, and only the later Paleozoic 
systems crop out in ranges to the west and 
northwest (R. Willden, personal communi- 
cation). The ranges immediately east of Santa 
Rosa Range expose a thick and representative 
Paleozoic sequence; there Mesozoic sedimentary 
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rocks are scarce or absent (P. E. Hotz and R. 
Willden, personal communication). This Paleo- 
zoic terrane extends over most of central and 
eastern Nevada; Roberts e al. (1958) have 
summarized its complex stratigraphy and 
structures. 

The Triassic sedimentary rocks underwent 
tight folding at least once and in the period of 
greatest deformation (Early Jurassic to Early 
Cretaceous) were metamorphosed to slates, 
phyllites, and other low-grade rocks over an 
area of tens of thousands of square miles. 
Igneous bodies that range from small stocks to 
small batholiths intruded this terrane in dozens 
of places. Most of these rocks are granodiorites 
that are similar to rocks of the Sierra Nevada 
region, but some are probably younger than the 
Sierran granitic rocks. The Jackson Mountains, 
25 miles west of Santa Rosa Range, expose clear 
evidence of mid-Cretaceous folding and early 
Tertiary thrusting (Willden, 1958), but the 
extent of Laramide deformation elsewhere in 
the region is little known. Middle to late Terti- 
ary eruption of a varied volcanic sequence was 
followed by folding and normal faulting in late 
Tertiary time which produced the north-south- 
trending basin-and-range pattern of the region. 

Willden (1956; 1958), Muller, Ferguson, and 
Roberts (1951), Roberts (1951), Ferguson, 
Muller, and Roberts (1951), and Ferguson, 
Roberts, and Muller (1952) have described the 
geology of areas near Santa Rosa Range. There 
is no published geologic study of Santa Rosa 
Range itself. 


STRATIGRAPHY OF THE Mesozoic Rocks 
General Statement 


The metamorphic rocks of Santa Rosa Range 
represent a sequence of sediments that was 
approximately 20,000 feet thick before it was 
folded and metamorphosed. These rocks, mainly 
(perhaps entirely) Late Triassic, are here 
divided into six formations on the basis of their 
sedimentary lithology. The oldest two units are 
named, tentatively, after the Grass Valley and 
Winnemucca formations of Winnemucca quad 
rangle (Ferguson, Muller, and Roberts, 1951). 
Although no apparent unconformities exist in 
the Santa Rosa sequence, the very calcareous 
and dolomitic Dun Glen formation of Winne- 
mucca quadrangle does not appear between the 
Grass Valley and Winnemucca formations, as it 
does in Winnemucca quadrangle. The four 
younger formations make up most of the Santa 
Rosa sequence, and they are named and de- 


scribed herein. They are in part similar ti 
the Raspberry formation at its type localit 
in East Range of Winnemucca quadrangle an 
also in part similar to rocks mapped as Rag 
berry formation in Krum Hills (Ferguso 
Muller, and Roberts, 1951; R. Willden a 
communication). The four newly defined for 
mations are all dominantly metapelitic, and : 
their contacts are gradational; therefore, the 
can be recognized and traced only after carefu 
study of the best exposed parts of the area. | 

The Santa Rosa sequence was determined a 
the south end and the east side of the mai 
range, and although the principal methods wer 
those of physical stratigraphy, several fossi 
finds support this work. Repetition of thes} 
units in the west and northwest parts of S 
range was determined entirely on lithology and) 
sequence, and since these correlations required 
the presence of a large fault, it is possible} 
although not likely, that they are in error, 
Generally, the rocks in the north and west 
parts of the range have been more deformed, 
than those to the south and east, so that most 
thicknesses represent measurements in the 
south and east. 

The formations will be described first on the 
basis of their field characteristics; their pe- 
trography and origins are so interrelated that 
they will be presented together at the end of this, 
section. 


Grass Valley Formation 


es 


The oldest rocks of the range are phyllites} 
and quartzites that are correlated tentatively) 
by lithology and stratigraphic position with! 
the Grass Valley formation of Winnemucca} 
quadrangle. These rocks crop out prominently! 
in the cores of anticlines in both the southeast! 
and northwest parts of the main range. Small-| 
scale folding greatly complicates their sequence,| 
but as much as 1000 stratigraphic feet is} 
exposed. Black and dark-gray phyllites and) 
thin quartzite beds make up most of the unit,| 
but thick-bedded quartzites are its most diel 
tinctive component and are especially useful in} 
tracing the contact with the less resistant thinly} 
bedded rocks of the Winnemucca formation.| 
This contact is drawn at the first thinly bedded| 
calcareous rocks that lie above thickly bedded} 
quartzites. The most characteristic Grass} 
Valley quartzites are massive, light gre., and| 


in beds 2 to 30 feet thick. They were originally | 
well-sorted sandstones. Abundant small quartz| 
veins cut through these beds in random di-| 
rections, in contrast to the subparallel second- 
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ary cleavages of many of the younger quartzites. 
The phyllites and thinner quartzite beds are 
typically more lustrous, crenulated, and sheared 
than those of younger formations, owing to de- 
formation between the more massive quartzite 
beds. No fossils were found in this unit. 


Winnemucca Formation 


Rocks lithologically similar to the Winne- 
mucca formation of Winnemucca quadrangle 
crop out over broad areas in the southeast and 
northwest parts of the main range, where they 
are typically 600 to 1500 feet thick. No per- 
sistent unit as calcareous as the Dun Glen 
formation occurs in Santa Rosa Range, but 
local thick lenses of limestone and dolomite 
indicate that the Winnemucca formation of 
Santa Rosa Range may connect laterally with 
both the Winnemucca and Dun Glen formations 
of Winnemucca quadrangle. In Santa Rosa 
Range, the contact between these rocks and 
the underlying Grass Valley formation is either 
sharp or gradational through a few tens of feet 
and is well marked by a break from the smooth, 
sage-covered slopes of the Winnemucca for- 
mation to the craggy outcrops that typify the 
Grass Valley phyllites and quartzites. Cal- 
careous slate and calcareous phyllite are the 
principal and most distinctive rocks of the for- 
mation, but limestone, dolomite, and calcareous 
or dolomitic quartzites are widely distributed. 
With the exception of massive carbonate beds, 
all these rocks are distinctly laminated to thin- 
bedded and are interbedded in a great variety 
of combinations. Fragments of these various 
thin beds, characteristically wrinkled by second- 
ary cleavages, help to identify the formation 
where it is poorly exposed, partly silicified (as 
in the northwest part of the range), or thermally 
metamorphosed. Distorted ammonites were 
found near the upper contact on the southwest 
edge of the main range and also 200 feet above 
the base of the formation, on the south side of 
Provo Canyon. Both S. W. Muller and N. J. 
Silberling, who examined this material inde- 
pendently, judge it is probably early Late 
Triassic (Karnian), but the fossils are too poorly 
preserved to be identified positively. 


O’ Neill Formation 


In the southeast part of the main range, about 
2000 feet of interbedded dark quartzites and 
phyllites, here named the O’Neill formation, 
overlie the Winnemucca formation, apparently 
conformably. The type area is the ridge be- 
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tween Wash O’Neill Creek and Provo Canyon. 
This unit is overlain by massive phyllite 
(Singas formation), and the contact between 
these formations proved of great value in 
tracing out major folds in the south part of the 
area. In the north and west parts of the range, 
however, quartzites of O’Neill type are so 
scarce and widely distributed in phyllite that 
this contact could not be mapped, and the 
entire sequence in this area is assigned to the 
Singas formation. The lower contact of the 
O’Neill formation is drawn at the top of the 
highest calcareous slate or phyllite in the 
dominantly calcareous and thin-bedded se- 
quence that characterizes the Winnemucca for- 
mation. 

The characteristic rock of the O’Neill for- 
mation is black or dark-gray, brown-weathering 
micaceous quartzite that forms beds 1 to 6 feet 
thick. This quartzite is less abundant than 
phyllites and thinly bedded quartzites with 
which it is interbedded; however, it crops out 
so prominently that it seems to form most of 
the unit. Folds with amplitudes of a few feet to 
several hundred feet are common in the for- 
mation, and in these folds the quartzite shows 
strikingly closely spaced metamorphic cleavage 
that has developed because of the micaceous 
nature of the original sandstones. This cleavage 
is helpful in identifying both the sequence and 
the formation; however, some O’Neill quartzites 
are as massive and clean as Grass Valley 
quartzites. The phyllites of the O’Neill for- 
mation range from very fine-grained (meta- 
argillaceous) rocks to crudely fissile metasilt- 
stones, and they are similar to the other 
phyllites of the range. R. Willden (Personal 
communication) has mapped rocks of the same 
type, and probably of the same unit, in the 
Krum Hills, about 10 miles southwest of Bloody 
Run Hills. No fossils were found in the for- 
mation. 


Singas Formation 


A thick sequence of phyllites with minor 
quartzite beds and very scarce clastic limestone 
lenses overlies the O’Neill formation, and the 
contact is drawn at the top of the highest 
O’Neill quartzite bed. Both this contact and 
the overlying phyllites are well displayed on 
the ridge between Wash O’Neill Creek and 
Provo Canyon. The name of this new unit is 
derived from Singas Creek. The formation is 
between 4000 and 7000 feet thick near the 
south end of the main range. The Bloody Run 
Hills are virtually made up of Singas phyllite, 
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and exposures 4000 feet high may be studied on 
the walls of Buffalo Canyon in the main range. 
The Singas formation contains quartzite beds 
of O’Neill type in the north and west parts of 
the range. Commonly, the gray to black 
phyllites have no megascopic indication of 
bedding through outcrops of tens and even 
hundreds of feet. These massive phyllites are 
interlayered with units that have metasiltstone 
bands from one-quarter of an inch to 1 inch 
thick which become more and more persistent 
and clearcut in the uppermost 1000 feet of the 
formation. The scarce beds and lenses of gray 
limestone (fine-grained marble) have sharp 
contacts with phyllite, and most of them were 
apparently bioclastic rocks, for they contain 
fragments of crinoids, pelecypods, and brachio- 
pods. N. J. Silberling dated fossils from one of 
these, from a U. S. Geological Survey collection, 
as early or middle Late Triassic (R. Willden, 
personal communication). The locality is ap- 
proximately in the middle of the formation, on 
the west edge of Bloody Run Hills, as marked on 
Plate 1. This thick formation is similar litholog- 
ically to much of the Raspberry formation of 
Winnemucca quadrangle. 


Andorno Formation 


Overlying the Singas formation is 7000 to 
8000 feet of phyllite interbedded with per- 
sistent thin beds of quartzite, dolomitic 
quartzite, dolomite, and limestone. This new 
formation is named after Andorno Creek, and 
its type area is on the high ridges that separate 
the drainage of Andorno, Buffalo, Stone House, 
and Wash O’Neill Creeks. The contact with the 
Singas formation is drawn at the first group of 
quartzite beds which are 1 to 6 inches thick. 
As noted, the upper Singas phyllites become 
increasingly interlaminated with metasiltstone 
beds as the contact is approached, so that the 
contact is gradational. 

The most abundant rock of this formation is 
phyllite which looks much like Singas phyllite 
but was formed mainly from better sorted 
sediments. Phyllite occurs as both massive and 
laminated units that are as thick as several 
hundred feet; between these units are the 
groups of thin quartzite and calcareous beds 
that characterize the formation. The quartzites 
are light to medium gray and were originally 
well-sorted fine-grained dolomitic or calcareous 
sandstones. Most are cross-laminated on a 
small scale, but the thicker beds are typically 
massive. Here and there, groups of two to six 
massive beds show distinct size grading. Almost 


every bed has casts of animal borings on its 
sole, and many beds have flute casts and other 
current markings. These structures are so 
widespread as to allow an accurate determi- 
nation of thickness and sequence in the Andorno 
formation. Quartzite beds more than 1 foot 
thick are rare in Bloody Run Hills but increase 
in abundance toward the north end of the 
mapped area. Light-gray quartzite beds as 
much as 6 feet thick crop out prominently be- | 
tween Cottonwood and Mullinix creeks, oc- | 
curring typically in the upper half of the for- | 
mation. 

A fossiliferous limestone bed 10 to 20 feet 
thick was mapped through the area surrounding 





Cottonwood Creek, but elsewhere the gray } 


limestones and orange-weathering dolomites | 
occur as thin beds distributed sporadically } 
through the formation. Many of them are sandy | 
and laminated, and some were clearly cal- | 
carenites. The phyllites and quartzites associ- | 
ated with these beds are commonly calcareous 
or dolomitic. 

S. W. Muller has examined several fossils 
from the Andorno formation; the statements 
that follow are based on his opinions regarding 
their identity and age. An ammonite found 500 
feet stratigraphically above the base of the 
formation, due east of the ranch house on 
Porcupine Creek, is too deformed to be identi- 
fied positively, but it has a very evolute form 
and an ornamentation similar to that of 
Sandlingites. In Europe, the genus Sandlingites 
occurs in Karnian and Norian (Upper Triassic) 
beds. An imperfectly preserved pelecypod 


collected 2000 feet stratigraphically above the | 


base of the formation at the crest of Bloody 
Run Hills shows enough morphologic features 
to identify it as probably Monotis subcircularis 
Gabb, a characteristic Norian form. The thick 
persistent limestone of the Cottonwood Creek 
area which lies approximately 2500 feet above 
the base of the formation contains abundant 
deformed brachiopods which can be assigned 
questionably to the genus Halorella. Fossils of 
this genus are found elsewhere in northwestern 
Nevada and central Oregon in beds of Norian 
age. Thus, on the paleontologic evidence, the 
greater part of the Andorno formation may be 
assigned to the Norian Stage of the Upper 
Triassic, and the base of the formation may be 
Karnian. 


Mullinix Formation 


A thick sequence of laminated to massive 
siliceous (silty and sandy) phyllites that overlies 
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the Andorno formation is here named the 
Mullinix formation after excellent exposures in 
the hilly ground west of the Tertiary volcanic 
rocks between Mullinix and Solid Silver 
canyons. Approximately 5000 feet of the for- 
mation is exposed, and because of major 
faulting, an unknown thickness has been re- 
moved from the top of the unit. The contact 
with the Andorno formation is gradational and 
is drawn at the top of the last group of typical 
Andorno quartzite beds. Much of the phyllite 
of the Mullinix formation is megascopically 
similar to phyllites of the Singas and Andorno 
formations, but the original sediments were 
characteristically more silty and sandy. In 
many outcrops the silt and fine sand form 
distinct beds one-quarter of an inch to 2 inches 
thick, and although these are similar to some 
of the laminated Andorno rocks, the thicker 
quartzite beds and the calcareous beds of that 
unit are missing. Very thin current laminations 
and poorly developed size grading allow a rough 
estimate of sequence in the formation. No fossils 
were found. 


Petrography and Origin 


Petrographic study of the Santa Rosa rocks 
and of less metamorphosed rocks from elsewhere 
in the region indicates that the various units 
within the thick sedimentary sequence had 
essentially one source and were deposited under 
similar conditions. Although average grain size, 
degree of sorting, and proportions between 
minerals differ from one bed to the next, and 


veil | from one unit to the next, the mineral species 
Y | remain the same. Quartz grains range from 


angular to well rounded. Albite is everywhere 
present, constituting approximately 5 to 30 per 
cent of the rocks, but K feldspar is scarce or 
absent. Iron-rich chlorite, the most obvious 
constituent of many of the phyllites, occurs in 
every bed in the area. Grains of it can be seen 
to have formed from clastic flakes of red biotite 
in some of the least altered rocks of the region, 
and both the swollen appearance of the chlorite 
and its interleaving with muscovite suggest a 
similar origin in the Santa Rosa metamorphic 
rocks (Pl. 2, fig. 2). At least a few grains of 
detrital muscovite are present everywhere. The 
more stable heavy minerals are so abundant 
that between 50 and 400 grains can be counted 
in almost every thin section of fine-grained 
quartzite. Tourmaline and zircon are most 
abundant, and opaque minerals, rutile, sphene, 
and garnet are common. All these minerals may 
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be angular (especially tourmaline), but most 
grains show some rounding. Perhaps a third of 
the grains approach being truly well rounded, 
even though many are no larger than 0.02 mm 
in diameter. Tourmaline may be yellow brown, 
green, blue, or colorless and commonly shows 
overgrowths. Zircon ranges from colorless to 
hyacinth, and many grains are partially 
metamict. Rutile and sphene are generally 
altered in part to leucoxene, so that it is difficult 
to estimate the amounts of detrital opaque 
minerals, 

The original nature of the clays and carbon- 
ates cannot be determined directly because all 
the fine-grained rocks have progressed at least 
to the stage of slates; however, the abundance 
of fine-grained metamorphic chlorite and 
muscovite suggests that the original clays were 
mixtures of iron-bearing montmorillonite and 
kaolin (or illite), or possibly of mafic volcanic 
glass and kaolin. 

Chemical analyses of a number of the 
metapelites show that they are unusually rich 
in iron with respect to their high alumina and 
low lime values, but low in silica for such silty 
rocks (Table 1). These compositions were 
probably caused by the large amounts of 
detrital biotite and chlorite in the silty beds 
and of ferromagnesian clays in the finest 
sediments. 

Texturally, the units of the Santa Rosa 
sequence, with the exception of the scarce 
bioclastic limestones, contain no clastic ma- 
terials coarser than medium-grained sand. Nor 
is there positive evidence that first-cycle 
volcanic debris has contributed significantly to 
this great pile of sedimentary beds. The inter- 
layering of poorly sorted rocks with thinner 
beds of moderately to well-sorted siltstones and 
sandstones points to periods of rapid accumu- 
lation with intermittent periods of winnowing. 
Calcareous materials are generally associated 
with the finest-grained parts of the sequence, 
except for the thin bioclastic limestones that 
occur here and there in the Singas and Andorno 
formations. The great predominance of cross- 
stratified layers relative to size-graded layers 
indicates that deposition was mainly from 
ordinary marine bottom currents, rather than 
turbidity currents. Increase of silty and sandy 
material toward the north (in the Winnemucca 
and Andorno formations) and the apparent 
increase of calcareous materials between Santa 
Rosa Range and Winnemucca quadrangle to 
the south suggest that the nearest shore line lay 
north of the area studied. 
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TABLE 1.—CHEMICAL COMPOSITIONS, PROPORTIONS 
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DEFORMATION AND REGIONAL METAMORPHISM 


The Mesozoic sedimentary rocks were 
strongly folded, metamorphosed, and locally 
faulted at least once prior to the emplacement 
of several granitic stocks; these intrusions 
deformed the rocks still further. The folding 
cannot be dated even approximately in Santa 
Rosa Range, and stratigraphic evidence from 
elsewhere in Nevada indicates only that it may 
have started in the late Early Jurassic 
(Ferguson and Muller, 1949, p. 13) and that it 
was completed by middle Early Cretaceous 
(Willden, 1958, p. 2391). 

The folds trend northeast-southwest in 
Bloody Run Hills and the south part of the 
main range; they swing to about north-south 
through the south-central part of the range, and 
then back to northeast-southwest in the north- 
central part of the range. This sigmoidal 
pattern is definitely pregranite, although it was 
accentuated by intrusion of the Santa Rosa 
stock. Most of the folds are essentially hori- 
zontal, although complexly and _ doubly 
plunging, but in a broad sector between 
Cottonwood Creek and Solid Silver Canyon, in 
the northeast part of the mapped area, there are 
large chevron folds that plunge vertically. The 
continuity of formations through and around 
the main stock shows that these vertical folds 





PLATE 2.—PHOTOMICROGRAPHS OF METAPELITES 


FicurE 1.—Microfolded phyllite bed in contact with fine-grained quartzite, cut perpendicular to bedding. 
Secondary cleavage occurs along tightly pressed limbs of folds. Grass Valley formation, Rebel Creek (locality 


2B). 


FicurE 2.—Mafic Singas phyllite (sample 15A) in which almost all light-colored grains are muscovite- 
bearing chlorite. These are interpreted as clastic biotite that was originally aligned with bedding (vertical 
here) but was deformed along secondary cleavage (dipping approximately 20° to the left here). 

Figure 3.—Semihornfels containing abundant chlorite in groundmass, but with large chlorite grains 
reacted to biotite and andalusite. Singas formation, Bloody Run Hills, at outer contact of aureole. 

Ficure 4.—Cordierite-biotite semihornfels, showing abundant large grains of biotite pseudomorphing 
chlorite like that of Figure 2. Singas formation, Bloody Run Hills, outer zone of aureole. 


PLATE 3.—PHOTOMICROGRAPHS OF METAPELITES 


Ficure 1.—Cordierite-andalusite-biotite hornfels, showing quartz vein that turns into cordierite where 
it passes through large cordierite porphyroblast. Nicols crossed to show optical continuity of cordierite 
through vein. Singas formation, Bloody Run Hills, outer part of inner zone of aureole. 

Ficure 2.—Highly dehydrated hornfels (sample 16D) showing magnetite-K feldspar areas formed from 


biotite. 


Ficure 3.—Abundant sillimanite needles, in quartz, formed from andalusite and biotite in andalusite- 


cordierite-biotite hornfels (sample 8C). 


were formed before the stock was emplaced, 
and they appear to have been tightened by the 
intrusion. The vertical folds are younger than 
the horizontal folds and probably formed as a 
consequence of the large-scale sigmoidal 
twisting of the folded terrane (Fig. 2). This 
oblique deformation was aided by left-lateral 
movement on a large steeply dipping reverse 
fault that was itself folded during the defor- 
mation. The trace of this fault on Plate 1 is 
approximate because the formations along it 
are lithologically similar; however, its presence 
can be hypothesized firmly on the basis of the 
major repetition of the Upper Triassic sequence 
as well as by the contrast between folds on its 
two sides. 

On the southeast side of the fault, the largest 
and simplest of the horizontal folds is an anti- 
cline that trends across the south end of the 
main range, plunging to the northeast under 
the alluvium and to the southwest directly into 





the Flynn stock in the north part of Bloody 
Run Hills. All formations are complexly folded 
near the crest of this anticline, and quartzites | 
of the O’Neill and Grass Valley formations are} 
so broadly and repeatedly folded that only a} 
small fraction of the dozens of observed fold | 
axes could be plotted on Plate 1. In most places, | 
the anticline and minor folds are asymmetrical | 
or overturned moderately to the southeast, but 








Ficure 4.—Andalusite-biotite phyllite (sample 7B) with abundant small porphyroblasts of biotite, large 
parallel euhedra of andalusite, and light-gray ovoid aggregates of micas, probably after cordierite. 
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DEFORMATION AND REGIONAL METAMORPHISM 


in some places they are overturned to the 
northwest. Section BB’ on Plate 1 shows the 
crest and steeply dipping to overturned north- 
west limb of this fold. 

The folds on the northwest side of the fault 
are far more complex and less well known. 
Many are so tightly compressed, so overturned, 
and so divergently plunging that most hillsides 
expose too few beds to allow a complete solution 
of their geometry. Those shown on Plate 1 
could be traced out reasonably well in the field, 
although many contacts must be marked as 
approximate only. The most completely exposed 
areas are in the upper reaches of Willow Creek 
and the lower half of the canyon of Rebel 
Creek. Here, the Grass Valley and Winnemucca 
formations are repeated many times in isoclinal 
folds that are typically overturned to the 
southeast, are locally recumbent, and are also 
locally overturned to the northwest. Closely 
spaced changes in plunge are typical and are 
locally so great as to suggest that the rocks 
have been folded strongly twice on widely 
divergent axes; however, the geometry of the 
formational contacts does not indicate a major 
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refolding. The basal contact of the Singas for- 
mation corresponds only moderately with the 
complex folding in the underlying rocks, partly 
because the Winnemucca formation is highly 
incompetent and partly because of minor 
thrusting along and near the base of the Singas 
formation. Many minor bedding-plane thrusts 
exist in the underlying rocks, but none are 
shown on Plate 1 because the scale of the map 
and the exposures on the ground did not permit 
them tobe traced out suitably. Almost certainly, 
several of the overturned isoclinal folds in the 
Willow Creek area are faulted along one limb, 
and a few of the elongate patches of Grass 
Valley rocks may be fault slices rather than 
folds. Many, however, can be proven to be 
folds. Judging from the degree of isoclinal 
folding in the Grass Valley formation, parts of 
this formation have moved laterally relative to 
the overlying Singas formation, with the Winne- 
mucca formation forming a mobile matrix in 
between (Fig. 3). 

The deformational effects of the granitic 
intrusions will be described hereafter; post- 
granite deformations will be considered briefly 





PLaTtE 4.—PHOTOMICROGRAPHS OF METAPELITES 


Figure 1.—Idioblasts of staurolite in semihornfels from Lamance Creek sector. The contact-metamorphic 
biotites (gray) are unoriented and irregular. Relict schistosity of phyllite cut at right angles by section and 


oriented vertically here. Singas formation. 


Figure 2.—Andalusite-biotite schist from Granite Peak aureole, with large sieved andalusite porphyro- 
blasts showing strongly helecitic relationship to contact-metamorphic micas of groundmass. Grass Valley 


formation. 


Ficure 3.—Andalusite-cordierite-biotite schist from inner zone of Santa Rosa oreole. The bundle of 
sillimanite needles is in a large cordierite porphyroblast which shows a helecitic relationship to micas of 


groundmass. Singas formation. 


FicurE 4.—Cordierite-biotite schist from inner zone of Santa Rosa aureole. All the larger white patches 
are cordierite porphyroblasts around which the micaceous groundmass is deflected, with local helecitic 


relationships. Andorno formation. 


PLatE 5.—PHOTOMICROGRAPHS OF DESILICATED METAPELITES 


Ficure 1.—Black hornfels adjacent to quartz vein in upper Mullinix Creek area. The two euhedra of 
corundum show only thin reaction rims of white mica. Euhedral andalusite and unoriented biotite make up 


remainder of photograph. 


FicureE 2.—Contact of granodiorite with metapelitic inclusion that shows desilicated rim. ‘The two 
corundum grains are largely reacted to white mica. Concentration of biotite at rim typical. Near granite 


contact at head of Porcupine Creek. 


FicurE 3.—Desilicated inclusion (sample 10C) in which early stage andalusite has reacted to mixtures 
of corundum and plagioclase as well as minor sillimanite and plagioclase. White areas are plagioclase. 

Ficure 4.—Desilicated inclusion in which large prism of andalusite (which formed a north-south band 
through central third of photograph) has been altered to prismatic corundum and white mica. The sur- 
rounding rock consists of plagioclase (largely sericitized), biotite, and epidote. From small granitic pipe 1 


mile north of Santa Rosa stock. 
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here because of their effects on the older 
structures. Phyllites and quartzites were 
locally crushed, faulted, and twisted after 
emplacement of the granitic rocks and before 
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FIGURE 2.—PREGRANITE STRUCTURAL PATTERN 
OF Part OF SANTA Rosa AREA, NEVADA 


Andorno formation is stippled. Heavy arrows 
indicate local oblique stresses that may have pro- 
duced the vertically plunging folds. The dotted out- 
line of Santa Rosa stock is for geographic reference. 


eruption of the Mio-Pliocene lavas, probably 
during the late Laramide orogeny. Widespread 
horizontal secondary cleavage that cuts other 
secondary cleavages may have formed at this 
time, and this deformation may have ac- 
centuated the complex folding of the Rebel 
Creek-Willow Creek sector. After deposition 
of the volcanic sequence, Plio-Pleistocene 
orogeny formed two echelon anticlines that 
are the basis of the main range and Bloody 
Run Hills, and then local (largely hypothetical) 
normal faulting along their west sides modified 
them. The folding tilted the older structures 
10° to 20° to the east in the east part of the 
range and an unknown amount to the west 
in the west part of the range. When the present 
orientations of cleavages and axial planes of 
Mesozoic folds are unfolded, roughly, to cor- 
rect for this deformation, they are found to 
have been largely upright on the east side of 


ARATE st 


the major fault and distinctly overturned to | 
the east on the west side of the fault. 

REGIONAL DYNAMOTHERMAL METAMORPHISM: | 
Schistosity (over-all planar fabric of platy 
grains) is well developed in the phyllites, and 
in most places it is cut by closely spaced 
secondary cleavage surfaces along which a new 
mica fabric has been formed. In most places, 
the secondary cleavages are clearly related to 
the geometry of folded beds, proving that they 
formed during the folding. Secondary cleavages 
that are horizontal over broad areas and are 
typically unrelated to folds may have formed 
during later (Laramide) deformation or during 
a late phase of the main deformation. The 
earliest stages in the development of the 
schistosity cannot be traced accurately in 
Santa Rosa Range because crystallization of 
new mica and chlorite is too advanced; how- 
ever, orientation of the larger relict detrital 
grains indicates that many of the sedimentary 
beds had a strong bedding-plane fabric. The 
early schistosity is so consistently parallel 
to bedding and so consistently cut by secondary 
cleavages where beds are folded that it must 





have originated during very early deformation | 
or before it. At the least, these relationships | 
show that metamorphic temperatures (300° C.?) | 


were attained before the peak of the deforma- 
tion. Perhaps the original schistosity of the 
rocks is mainly mimetic after bedding fabric. 

The development of the closely spaced 


secondary cleavages is too involved to be i 
presented completely here. Briefly, many of | 


the secondary-cleavage surfaces formed along | 
the tightly pressed limbs of microfolds (Pl. 2, 
fig. 1); some formed where asymmetric micro- 
folds pass into microfaults; and some may be 
essentially microfaults. Because of the variable 
degree of offset on the cleavage surfaces, no 
single name can be given them, although they 
seem to come closer to fracture cleavage than 
anything else. 

The metamorphic minerals that formed or 


—— 





recrystallized before and during folding are | 


diabantite), a gray pleochroic mica, calcite, 


dolomite (in part ferruginous), ilmenite, pyrite, | 
and apatite. Overgrowths on tourmaline grains | 
probably formed at this time. Table 1 shows 
modes of 13 phyllites, but the percentages | 
must be considered approximate only. Albite | 


quartz, albite, muscovite, chlorite (typically 
| 


can be identified only here and there in these 


fine-grained rocks, so that its modal percentages 


had to be determined by comparisons with 
interbedded quartzites and by calculation from 
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DEFORMATION AND REGIONAL METAMORPHISM 


the chemical analyses. Judging from the 
analyses, the modal counts were biased con- 
siderably against quartz; they were recom- 
puted from the analyses to correct for this. 
Other points relative to the modal analyses 
will be discussed in the section on contact 
metamorphism. 


Grass Valley fm. —* 
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augite-rich diabases, and quartz-bearing dia- 
bases. Some of these pregranite bodies will be 
described further in 
metamorphism. 

H. W. Jaffe of the U. S. Geological Survey 
has made lead-alpha age determinations on 
zircons from several 


the section on contact 


stocks of Santa Rosa 


Ficure 3.—VERTICAL Cross SECTION THROUGH REBEL CREEK SECTOR 


Sketch is composite and somewhat diagrammatic and shows complex overturned folds of the Grass 
Valley formation and probable thrust relationship between part of Singas formation and underlying units. 


The mineral here called gray mica appears 
to be a submicroscopic mixture of chlorite 
and muscovite. It is slightly to distinctly 
pleochroic in shades of gray, has variable 
refringence and birefringence intermediate be- 
tween those of chlorite and muscovite, and 
locally appears inhomogeneous at highest mag- 
nifications. Calculations from the modes and 
the chemical analyses indicate that it contains 
too little K,O for a mica (3 to 7 per cent) and 
far too little FeO and MgO for a chlorite; 
further, its composition appears to vary from 
rock to rock. Hutchings (1896, p. 312-315) has 
described similar minerals from studies on 
British slates and phyllites, and judging from 
other phyllites which the present author has 
examined, they may well occur widely and 
abundantly in fine-grained metapelites. 


GRANITIC STOCKS AND RELATED MINOR 
INTRUSIONS 


Nine major stocks and many smaller bodies 
of granitic and porphyritic rocks intruded 
the folded phyllitic terrane and produced wide- 
spread contact metamorphism. The Santa 
Rosa stock is 36 square miles in area, and the 
other stocks range from 1 square mile to 8 
square miles in area. For convenience, most 
of these stocks have been given a geographic 
name (Pl. 1). Rather sodic granodiorite is by 
far the preponderant rock type, but tonalite, 
adamellite, and trondhjemite (very sodic grano- 
diorite) are quite abundant. Mafic and ul- 
tramafic dikes and lenses, which are small 
and exceedingly scarce, consist of a variety of 
biotite peridotites, hornblende pyroxenites, 


Range and nearby ranges (R. Willden, personal 
communication). These determinations suggest 
Late Cretaceous to early Tertiary ages for the 
intrusions; however, when these data are 
published, they may be more precisely eval- 
uated. 

STRUCTURAL RELATIONSHIPS BETWEEN GRA- 
NITIC STOCKS AND COUNTRY ROCKS: The dis- 
tribution of the metasedimentary formations 
around the stocks shows clearly that the stocks 
engulfed large masses of metasedimentary rock, 
and that they also forced the country rocks 
up and to the side, to varying degrees. The 
Santa Rosa stock cut into the Singas formation 
and cut virtually through the Andorno and 
Mullinix formations, but remnants of forma- 
tions on both sides of the stock show that 
they were spread apart 2 miles by the intrusion. 
Study of the upper sequence of the Singas 
formation reveals that the Santa Rosa stock 
cut just beyond the Andorno contact along 
most of its east border; from this relationship 
and the measurement of spreading, the author 
estimates that the intrusion gained a third of 
its space by shouldering and two-thirds by 
crosscutting (Fig. 4). None of the other stocks 
can be measured accurately, but something 
like half of the space of the Andorno and 
Granite Peak stocks was gained by forceful 
spreading; the remaining stocks are dominantly 
crosscutting. Combined structural and strati- 
graphic mapping showed that metamorphic 
foliations may be greatly deflected around 
intrusions that cut sharply across metasedi- 
mentary units. This is particularly noticeable 
at the south end of Santa Rosa stock, where 
foliations indicate almost a diapiric relationship 
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but cartographic units are deflected only 
moderately before being cut off. The turn of 
the foliation apparently originates where small- 
scale folding around axes that plunge down 








# Andorno fm. 


a _& Miles 











FicuRE 4.—FORcEFUL INTRUSION AND CRrOoss- 
CUTTING BY SANTA Rosa STOCK 


The Andorno formation is stippled, and the 
heavy line is the outline of the stock. 


the granite contact has developed pronounced 
secondary cleavages. Both isoclinal fold axes 
and cleavages tended to be rotated to lie 
parallel to the contact, so that both cleavage 
and bedding lie oblique to the trend of the 
formation (Fig. 5). This relationship is 
reasonably well shown around Granite Peak 
stock, and there are many other places where 
secondary cleavage of the regionally developed 
horizontal folds has been refolded on steeply 
plunging axes. 

Feldspathized rocks occur here and there 
near granitic contacts, but generally the 
contacts are sharp. Angular re-entrants of the 
contacts and blocks of hornfels in the granitic 
rock nearby suggest that stoping was a major 
process. This is shown, for example, by the 
gross geometry of the well-exposed southwestern 
contacts of the Bloody Run and Flynn stocks; 
the same relationships can be seen on a smaller 
scale wherever exposures are suitable. Saw- 


¢ 





tooth stock appears to have grown by sending) 
wedges into the foliate country rocks andt 
then stoping or otherwise removing most of the 


intervening country rock. In spite of this 
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FiGuRE 5.—DrAGRAMMATIC BtLock DIAGRAMS) 
SHOWING SMALL-SCALE FoLps AND SECONDARY | 
CLEAVAGE FoRMED AT SOUTH END OF } 
GRANITE PEAK STOCK j 


' 
geometric evidence for stoping, however, in- | 


clusions are exceedingly scarce except at} 
contacts. The only apparent heterogeneity 
in the stocks is produced by scarce schlieren 
near contacts, as on the crest of the ridge 1 mile 
north of Singas Creek, where these structures 
are nearly vertical but show curious mineral 
grading and channeling relationships much 
like those observed in the Sierra Nevada (Cloos, 
1936, p. 381 and Fig. 16; Sherlock and Hamil- 
ton, 1958, p. 1259). Megascopic planar fabric 
in granite is present along the west side of 
Santa Rosa stock and is developed widely in 
Granite Peak stock but is scarce or vague 
elsewhere; however, inclusions typically lie 
with their flat sides parallel to contacts. 
Vertical movement of granite is also indicated | 
by swarms of thin aplite dikes which lie nearly 
horizontally in granite adjacent to steep 
intrusive contacts. 

EARLY CHILLED APOPHYSES OF THE STOCKS: 





Many dikes of granodiorite porphyry and 
dacite intruded the phyllites during the early | 
stage of emplacement of the stocks. These | 
dikes are too thin and too abundant to be! 
shown accurately on Plate 1. Their age rela- } 
tionship is shown by the fact that they are | 
concentrated around the small stocks but are 
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GRANITIC STOCKS AND RELATED MINOR INTRUSIONS 


intruded and hornfelsed by them. The small 
stock 1 mile southeast of Porcupine Creek, at 
the south end of the main range, displays these 
relationships very clearly at its north end and 
also has remnants of a chilled dacitic border 
that are identical to the chilled borders of the 
dikes. A few of the dikes have a crude secondary 
schistosity that presumably developed during 
forceful enlargement of the parent stocks. The 
larger stocks (Santa Rosa, Bloody Run, and 
Flynn) have very few of these apophyses, and, 
in view of their large-scale crosscutting re- 
lationships, probably engulfed the early dikes 
along with the country rocks. Moreover, the 
apophyses associated with blocky (stoped?) 
orders are everywhere normal granular gra- 
nitic rocks. Considering all the evidence, the 
author feels certain that the porphyritic dikes 
were injected in fractures formed during the 
early forceful intrusion of the stocks, and that 
they are of exceptional petrologic value be- 
cause their chilled borders record the nature 
of the original magmas. 

The dikes range from less than an inch to 
about 100 feet thick, but most are a few feet 
thick. Their edges are dark, nearly vitrophyric 
dacite which typically has scattered phenocrysts 
that are half a millemeter to 1 mm long. The 
chilled borders grade through a few inches into 
cores of gray or gray-green granodiorite 
porphyry bearing abundant large phenocrysts. 
Although the chilled borders are now crystal- 
line, their very small grains (0.004 mm), and 
the occurrence of spherulites and contorted 
flow banding exactly like those of obsidians 
indicate that some were originally glassy. Al- 
most all the chilled borders have euhedral 
phenocrysts of plagioclase that are zoned from 
about Angg to Ango through a series of delicate 
oscillatory rings. Quartz is scarce or absent in 
most dikes, and where it occurs it is in high-tem- 
perature quartz euhedra, in rounded euhedra, 
or in coarse micro-intergrowths with plagio- 
clase. Biotite pseudomorphs hornblende and 
also forms separate subhedra. In the cores of 
these dikes, quartz is abundant, microcline 
appears in the groundmass, and the plagioclase 
is zoned to more sodic rims. Some of the 
dikes are clearly more alkaline and silicic 
than others. Perhaps the most important 
variant is a biotite-free porphyro-aphanitic 
rock that contains euhedral zoned phenocrysts 
of sodic oligoclase or calcic albite, euhedra 
of high-temperature quartz, and coarse inter- 
growths of microcline in quartz. This particular 
specimen was contaminated with grossularite 
from an adjoining bed, but its original com- 
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position was clearly that of trondhjemite. This 
proof of the existence of trondhjemitic magma 
in the terrane is important because the Saw- 
tooth stock, which is mainly or all trondhjemite, 
figures prominently in some of the contact- 
metamorphic problems described hereafter. 

Because of the small number of phenocrysts 
in many of the chilled borders of these dikes, 
and because the phenocrysts increase markedly 
both in size and in number toward the center 
of the dikes, it appears that all the phenocrysts 
grew during formation of the dikes. Therefore, 
the original magma must have been entirely 
or almost entirely liquid. 

PETROGRAPHY AND DISTRIBUTION OF THE 
GRANITIC ROCKS: All the granitic rocks have 
simple hypidiomorphic textures, with euhedral 
to subhedral plagioclase, subhedral biotite 
and hornblende (rarely in a reaction relation- 
ship), and anhedral quartz and K feldspar. 
Microcline forms euhedral phenocrysts in most 
of the adamellite of Granite Peak stock and 
also in parts of the trondhjemite of Sawtooth 
stock, but otherwise the granitic rocks are 
equigranular. Sphene, scattered ore grains, and 
coarse clinozoisite-epidote are present in al- 
most all granodiorites and tonalites. Chloritiza- 
tion of biotite and sericitization of plagioclase 
are widespread but minor alterations. In some 
specimens from near contacts, K feldspar is 
untwinned and has intermediate optic axial 
angles, but typical microcline is present else- 
where. Plagioclase has an average composition 
in the range of oligoclase in each of the rock 
types, and it is zoned in an intricately oscillatory 
manner from sodic andesine to intermediate 
oligoclase in the granodiorites, from calcic 
to sodic oligoclase in the adamellites, and from 
intermediate oligoclase to sodic oligoclase (and 
locally albite) in the trondhjemites. 

The mode of the typical granodiorite, in 
per cent by volume, is: quartz, 25; plagioclase, 
55; microcline, 10; biotite, 8; and hornblende, 
2. The tonalites differ only in having a lesser 
proportion of microcline, whereas the trondh- 
jemites differ only in being free of hornblende 
and slightly richer in quartz. Some adamellites 
contain hornblende and are similar to the 
granodiorites, but the more typical adamellite, 
as that of Granite Peak stock, has the approxi- 
mate mode: quartz, 30; plagioclase, 40; micro- 
cline, 25; and biotite, 5. 

P. L. D. Elmore, K. E. White, and S. D. 
Botts, of the U. S. Geological Survey, made 
chemical analyses on two samples which R. 
Willden collected in Santa Rosa Range, and 
these are reproduced here with the kind permis- 
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sion of the Geological Survey (Table 2). Number 
55W70 (Willden’s field number) is from the 
east side of Bloody Run stock, and 55W100 
is from the northeast-trending lobe of Santa 


TABLE 2.—CHEMICAL COMPOSITIONS OF GRANO- 
DIORITES FROM SANTA ROSA RANGE, NEVADA 
(Analyses by P. L. D. Elmore, K. E. White, 

and S. D. Botts, U. S. Geological Survey) 














55W100 55W70 
SiO, 67.5 63.6 
AlO; pg | 17.3 
Fe.0; <a y He 
FeO 1.1 1.9 
MgO 4.3 He | 
CaO 2.9 4.6 
Na,O 4.9 4.0 
K,0 2.5 ay 
TiO» 0.38 0.50 
P.O; 0.18 0.22 
MnO 0.05 0.08 
H20 0.77 0.66 
CO, 0.07 <0.05 

Sum 100 99 











Rosa stock, near Cottonwood Creek (PI. 1). 
Judging from their mineralogical compositions, 
the chemical compositions of these rocks are 
probably a little higher in K,O and lower in 
Na,O than the average granodiorite of Santa 
Rosa stock, but the analyses and modes to- 
gether show clearly that this suite of granitic 
rocks is low in silica compared to total alkalies, 
and that the ratio of K,0 to Na,0 is distinctly 
low. The amount of Na,O in the trondhjemites 
is estimated to be between 5.5 and 6 per cent 
by weight, whereas their content of silica is 
probably 70 per cent or less. 

Santa Rosa stock is mainly granodiorite, but 
tonalite occurs commonly near the contact, and 
hornblende-biotite adamellite forms the core. 
Petrographic work suggests that these varia- 
tions are gradational, but this could not be 
checked in the field because the rocks look the 
same in hand specimen. Granite Peak stock 
consists almost entirely of biotite adamellite. 
Sawtooth stock consists of both fine-grained 
and somewhat porphyritic trondhjemite, and 
the two Andorno stocks are rather complexly 
diked mixtures of trondhjemite and grano- 
diorite. Few petrographic data were obtained 
on Bloody Run, Flynn, and Stone House stocks, 
but they are mainly granodiorite. Bloody Run 


stock contains several small subsequent bodies” 


of leucocratic adamellite and quartz-bearing 
diorite. Except in Bloody Run stock, there is 


no clearcut evidence of sequence in the granitic! 


rocks. 


DIKES INTRUSIVE INTO GRANITIC STOCKs:! 


Dikes of various porphyritic rocks are scattered 
through the stocks. These were apparently 
emplaced throughout the cooling history of 
the stocks, for some are shattered and mixed 
within granitic rock, others are even-grained 
from core to boundary, and still others have 
distinctly chilled border zones. The earlier 
dikes are light to dark gray and range from 
adamellite porphyry to tonalite prophyry. 
Tonalite porphyries and quartz-bearing diorite 


porphyries characteristically have chilled mar-} 


gins. The mineralogy of the more quartzo- 
feldspathic dikes is essentially the same as 
that of the stocks, but the more mafic dikes are 
characterized by abundant small euhedral 
phenocrysts of hornblende that is zoned from 
brown to green (commonly with oscillations) 


and is partly skeletal. These grains have the | 
same size and shape as the biotite pseudomorphs | 


of hornblende in the early dike suite, and many 
of the rocks from the two suites are otherwise 
similar. Considering the variations in com- 
position shown by both the stocks and the 


later dikes, it must be concluded that these | 


dikes are late irruptions from the same source as 
that of the stocks, or from underlying molten 
remnants of the stocks. 

Widespread olivine diabase dikes in the 
stocks represent a later (Miocene or Pliocene?) 
phase of igneous activity. 

CONDITIONS OF INTRUSION: Judging from 
the dip of the walls of Santa Rosa stock, as 
well as from its compositional zoning, its roof 
lay at least a mile above the highest present 
exposure, and the present relief within the 
perimeter of the stock is 1 mile. The roof 
appears to have contained the intrusion, since 
no breccia pipes or other evidence of volcanic 


conduits can be found. The chilled and once | 
glassy borders of the granodiorite apophyses, | 


on the other hand, indicate that the country 
rocks were cool at the level now exposed. In 
view of the fact that the metamorphic rocks 
had been warmed and dried during antecedent 
regional metamorphism, the chilling indicates 
depths less than 4 or 5 miles (where tem- 








peratures would have been 250° to 300° C., | 


according to the present geothermal gradient). 
Stratigraphy and structure offer no particular 
evidence on depth of emplacement except that 
a regional lack of Middle and Upper Jurassic 
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GRANITIC STOCKS AND RELATED MINOR INTRUSIONS 


sedimentary rocks and sporadic occurrence of 
Lower Cretaceous rocks allow for deep erosion 
of the folded Triassic sequence by the time 
the stocks were emplaced. Taken together, 
these relationships indicate that confining 
pressures on the magmas at the presently 
exposed level at the base of the range were 
between 1000 and 2500 atmospheres (bars), 
and probably closer to 1000 atmospheres. 

Evidence from the one chilled trondhjemitic 
dike suggests that the trondhjemitic magma 
of Sawtooth stock was crystallizing quartz and 
alkali feldspar when emplaced. The data of 
Tuttle and Bowen (1958, p. 55) indicate that 
if this magma was saturated with water its 
temperature was no higher than 750° C. for 
the pressures estimated heretofore. No similar 
data are available for the granodiorite magma, 
but the fact that it was liquid and began 
crystallizing intermediate andesine when em- 
placed suggests considerably higher tempera- 
tures, perhaps 900° C. or more. Evidence from 
the contact aureoles indicates that the grano- 
diorite magma contained less water than the 
trondhjemite magma. 

The stocks are clearly intrusive and dom- 
inantly crosscutting. What became of the 
country rocks they engulfed is a considerable 
problem, especially when it is noted that a 
suite of sodium-rich granitic rocks is here 
associated with potassium-rich metasedimen- 
tary rocks. The compositional pattern of 
Santa Rosa stock, for example, does not support 
the idea of simple assimilation of rock at the 
present level, for the potassic country rocks 
are in contact with the least potassic rocks of 
the stock. Apparently, stirring and igneous 
differentiation were drastic enough to remove 
the country rocks or greatly modify the effects 
of assimilation. In view of the highly liquid 
nature of the original magma, it is possible 
that a convective circulation was set up and 
movement of magma down the walls carried 
stoped and contaminated materials down and 
out of the present record. The general lack of 
flow structures near the contacts, however, 
does not support this suggestion. The petrology 
of the aureoles indicates another possibility, 
that potassium from the outer zone of the 
stocks was carried into the aureole at a late 
stage of crystallization. 


MetHops USED IN STUDY OF THE CONTACT 
AUREOLES 


DELINEATION: The contact aureoles shown 
on Plate 1 were delineated into two zones by 
mapping macroscopic textural changes in lime- 
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poor metapelites. A good deal of petrographic 
work was done in order to determine the best 
criteria for these metamorphic boundaries; 
however, the contacts themselves were located 
in the field. This sort of mapping was possible 
because the rocks are fresh, exposures are 
clean, and metapelites over the entire area 
were similar before contact metamorphism. 

The outer contact of the outer zone is the 
most meaningful of the two contacts and is 
generally the easiest to locate in the field. It is 
drawn at the first appearance of porphyroblasts 
of cordierite, andalusite, biotite, or staurolite. 
Commonly, two or three (but never four) of 
these minerals appear together at the outer 
boundary, and petrographic study shows that 
even microscopic grains of the minerals are 
uncommon outside the mapped aureole. Within 
the outer zone, unspotted rocks are generally 
calcareous or carbonaceous, or both, and they 
are not so abundant as to confuse the mapping. 
Far more of a problem is created by the wide- 
spread alteration of the key silicates to white 
micas and chlorite, and where this has happened 
mapping is based on pseudomorphs of the 
original porphyroblasts. The only minerals 
that form porphyroblasts outside the aureole 
are pyrite, ilmenite, and (rarely) chloritoid, 
and these minerals can be distinguished quite 
readily from the key silicates in the field. The 
metapelitic rocks in the outer zone of the 
aureoles are porphyroblastic phyllites, very 
fine-grained porphyroblastic hornfelses, and 
very fine-grained porphyroblastic rocks which 
the author will call semihornfelses, because they 
are moderately fissile but much less so than 
phyllite. 

The contact between the inner and outer 
zones of the aureoles is placed at the first 
outcrops where biotite in the groundmass of 
the rock can be seen by the unaided eye. The 
rocks here may be tough sugary hornfelses, 
porphyroblastic schists, or any gradation be- 
tween. The contact is difficult to locate be- 
cause of the gradation to rocks of the outer 
zone. It is thought to be useful because in 
many places it marks the approximate begin- 
nings of the reaction of micas to anhydrous 
minerals. This is not the case, however, in 
some entire aureoles and in large parts of 
others, so that the contact only locally approxi- 
mates an isograd. When the nature of the 
contact metamorphism has been fully described, 
it will be seen that neither of the contacts is 
isothermal for all the aureoles. 

SAMPLING: Field and petrographic work went 
essentially hand in hand for three seasons 
before the aureoles were sampled for chemical 
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analysis. The chemical work had two purposes: 
(1) to provide the compositional data needed 
for a firm estimate of equilibrium conditions 
in the aureoles, and (2) to determine the 
extent, degree, and sequence of metasomatism. 
The main method of sampling was to trace 
stratigraphically equivalent beds, collecting 
from outside as well as inside the aureole. The 
specimens were sectioned in order to cull 
weathered or diaphthorized rocks, and the 
aureole was then resampled as necessary. The 
17 suites of samples were chosen so as to give 
both a wide geographic representation and a 
useful variety of petrographic types; in spite 
of the excellent exposures and fresh materials, 
it took the author an entire summer to choose 
50 samples deemed roughly adequate to the 
purposes of the project. Of the analyses listed 
in Table 1, suites 2, 3, 5, 6, and 13 are of 
exceptionally well matched specimens, suites 
1,4, 7, 8,9, 10, 11, 12, 16, and 17 are moderately 
well matched, and suites 14 and 15 consist of 
of only roughly equivalent rocks. Two samples, 
16A and 11A, are composites of four samples 
each. All the samples are located by small 
circles on Plate 1, the general order of suites 
on the map being from 1 in the northwest to 
17 in the south. Four analyzed metabasaltic 
rocks were not collected in suites and do not 
appear in geographic order with the other 
samples. 

The samples were prepared for analysis by a 
method thought to give most reliable correla- 
tion between the analysis and a mode. Each 
sample was sawed perpendicular to the folia- 
tion and lineation so as to give a clean slice 
about half an inch thick. Thin sections were 
generally made from both faces of the slice, and 
these were used not only in the final choice of 
samples but also for the modal analyses. If the 
sections showed the rock slice to be reasonably 
homogeneous and as fresh as possible, the 
slice (about 60 gm) was cleaned and crushed to 
—100 mesh by methods that insured that the 
original slice would not be contaminated and 
that fines would not be lost. 

MODAL ANALYSES: Because of the fine-grained 
nature of the rocks and their interdigitated 
fabrics all grain counts were made under high 
power, as it was important to focus exactly on 
the counting datum (the upper surface of the 
section). In spite of the care used, however, it 
was soon obvious that colored minerals and 
minerals with high refractive index were 
receiving a positive bias in the count of the 
finer-grained rocks, and these counts were 
adjusted by reference to their chemical analyses 
by factors ranging from 3 to 20 per cent of 


the amounts measured. Identification of every _ 


grain was not possible, and in some rocks this 
factor influenced counts appreciably. Quartz 
and plagioclase, in particular, had to be counted 
together in most rocks, and their modal 
amounts were then derived by calculation from 
the chemical analyses. The laborious counting 
procedure made it impractical to count more 
than about 350 grains per section, so that the 
minor constituents in many modes are likely 
to be in error by factors of 50 per cent or more, 
and even the major constituents are likely to 
be in error by factors of 10 per cent. Wherever 
several counts were made on one sample, 
however, they were more similar than these 
figures would indicate, suggesting that the 
rocks are quite homogeneous and that the 
modes should correlate reasonably well with 
the chemical analyses. 

CHEMICAL ANALYSES: Dr. E. L. P. Mercy 
made all the analyses in the Geochemical 
Laboratory of the Imperial College of Science 
and Technology, London. The procedures, 
mainly of the rapid type, were as follows: 
SiOz, colorimetric using “molybdenum blue” 
complex; Al,O3, precipitation of ammonia- 
insoluble hydroxides and ignition to R.O3; 
TiO:, colorimetric using “pertitanic acid” 
complex; Fe,O3, calculation from total Fe and 
FeO; FeO, titration of ferrous sulfate with 
dichromate; MgO and CaO, titration with 
Versene after Hexammine separation of inter- 
fering cations; Na,O and K,O, flame photo- 
metric; P.O;, colorimetric using molydivanado- 
phosphoric acid complex; H.0+, modified 
Penfield with PbCrO, flux; COs, evolution with 
acid and absorption; S, solution in HNO;—HCI 
and precipitation as BaSO,. Shapiro and 
Brannock (1956) have given detailed descrip- 
tions of most of these procedures. Judging from 
considerable testing at the Geochemical Lab- 
oratory, the errors in the metapelites (in 
absolute amounts of the percentages listed) 
are not likely to be greater than the following: 
SiO., 0.3; TiOn, 0.07; Al.Os, Fe,0s, FeO, MgO, 
Na,0, K,0, H.O+, and total Fe, 0.1; CaO, 
0.05; MnO and P,O;, 0.01. The low totals 
check well with those rocks that contain 
appreciable modal graphite (C was not de- 
termined analytically). All the analyses were 
made by exactly the same procedures. 


PROGRESSIVE CONTACT METAMORPHISM 
General Statement 


In the main stage of contact metamorphism, 
phyllites were altered to a variety of por- 
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phyroblastic phyllites, semihornfelses, horn- 
felses, and schists. In all cases but a few, these 
changes resulted in a progressive dehydration. 
This stage was followed by widespread re- 
hydration of the contact-metamorphic rocks, 
as will be described in sequence in a later 
section. Metasomatism during the progressive 
stage will be described first, partly because it 
was relatively simple and partly because the 
different thermal parageneses are better under- 
stood in its light. 


Metasomatism 


Metasomatism that took place during pro- 
gressive contact metamorphism of the phyllites 
was tested by comparing the chemical analyses 
of 13 phyllites with 13 rocks from the outer 
zones of the aureoles and 13 rocks from the 
inner zones. Other rocks in the suites, collected 
because they showed evidence of metasomatism 
during a later stage, are not included in these 
comparisons. 

Direct comparisons of the complete analyses 
show only that water was lost systematically 
during progressive metamorphism. The average 
water content of the 13 phyllites is 3.3 per cent, 
of the 13 outer-zone rocks 2.5 per cent, and 
of the 13 inner-zone rocks 1.2 per cent. The 
actual degree of dehydration was somewhat 
greater than these figures indicate, for several 
samples from the aureole contain small but 
appreciable amounts of hydrous retrograde 
minerals. The most dehydrated metapelites 
contain only 0.8 per cent water, and this figure 
checks well with the amounts computed from 
the micas of their modes. The rocks condensed 
as water was lost, as shown by the fact that 
their average specific gravities increased from 
2.73 in the phyllites through 2.76 in the outer- 
zone rocks to 2.78 in the inner-zone rocks. 
The degree of dehydration is considerably 
greater than that shown by similar metapelites 
in the aureole of the Ardara pluton of County 
Donegal, Ireland (Pitcher and Sinha, 1958, 
Table III), as well as for various regionally 
metamorphosed pelites Shaw described (1956, 
Tables 2, 9). 

In order to permit detection of possible 
gains and losses of the other constituents, the 
analyses were computed free of water (because 
it changed during metamorphism), and also 
free of CO, and S, which are considered erratic 
because of the sensitivity of calcite and pyrite 
to even slight weathering. The resulting 
proportional numbers, which sum to 100, are 
listed below the analyses, and they serve as 
the basis for most of the compositional com- 
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parisons of this paper. In the first test for 
metasomatism, means (arithmetic averages) 
were computed for each constituent of the 
13 phyllites, the 13 outer-zone rocks, and the 


TABLE 3.—AVERAGE COMPOSITIONS AND STANDARD 
DEVIATIONS OF METAPELITES FROM SANTA ROSA 
RANGE, NEVADA, CALCULATED FREE OF 
H,0, CO», AND S 























Regional Outer Zone | Inner Zone 
Terrane* of Aureole* | of Aureole* 
Oxide Rit see) es 
Mean | S.D. Mean | S.D. | Mean} S.D. 
SiO, (64.3 | 2.6 |63.7 | 1.7 |64.0 | 1.3 
TiO 1.00} 0.05 1.05} 0.1 | 0.99) 0.03 
AlLO; {20.0 | 0.7 |20.3 | 1.6 |19.5 | 1.2 
Fe.0; 1.2 | 0.34) 1.7 | 0.67) 0.93) 0.50 
FeO §.0 | 1.4148 }1.2+5,9:| 0.9 
MnO 0.08} 0.02) 0.08) 0.02) 0.08) 0.01 
MgO 2.2} 0.8 | 2.2 | 0.7 | 2.4 | 0.7 
CaO LBHAS PEACHES IA 
Na2,O 1.4) 0.4} 1.5} 0.4] 1.5 | 0.3 
K:0 3.5| 0.7 | 3.2| 0.5} 3.1] 0.3 
P:O; _—| 0.17| 0.03) 0.18) 0.03) 0.15) 0.04 
Total Fe as 
Fe.0; 6.7 | 1.1] 7.0| 0.9 | 7.5 | 0.9 











* 13 specimens 


13 inner-zone rocks (Table 3). Almost all the 
means of the three rock groups show an un- 
usual degree of conformity; K,O and _ total 
iron are possible exceptions. The standard 
deviations for each set of values give a measure 
of the scatter of values within the set. Ideally, 
no more than 33 per cent of the values will 
differ from the mean by more than one standard 
deviation, and no more than 5 per cent will 
differ from it by more than two standard 
deviations. Computing by the method of 
standard errors shows that the differences be- 
tween the means of K,O values are no greater 
than is to be expected from chance combinations 
of samples; that is, the analyses themselves 
offer little, if any, suggestion of K,0 metasoma- 
tism. The same test applied to the three means 
for total iron suggests that there was probably 
no change in the iron content between the 
phyllites and the outer-zone rocks, but that 
there was probably a moderate increase of 
iron in the inner-zone rocks. 

As noted heretofore, the rocks are not 
random samples of the various zones but were 
collected in suites that were connected strati- 
graphically by various degrees of exactitude. 
These suites offer additional information on 








metasomatism that cannot be tested readily 
by statistics. Petrographic evidence shows that 
most of the chemical differences between 
members of suites can be explained adequately 
on the basis of varying amounts of silt-size 
and sand-size particles of quartz, albite, and 
chlorite. The iron-rich phyllites from the Singas 
formation, for example, contain abundant 
large chlorite grains (samples 14A and 15A), 
and sedimentary-sorted concentrates like these 
are likely to show up sporadically in the Singas 
formation, no matter how careful the sampling. 
The suites from only one aureole show changes 
that appear to be metasomatic, and these are 
numbers 1, 2, 3, and 4, all from Grass Valley 
formation metapelites around Sawtooth stock. 
The phyllites in this area are consistently 
fine-grained, with only scarce and small detrital 
chlorite grains, and the control on the sampling 
is very good. The variations within each suite 
indicate moderate losses of silica and increases 
in total iron during progressive metamorphism. 
The increase of iron in these suites is probably 
the cause of the apparent small increase of 
iron detected by testing the means of all the 
metapelites, The changes in silica are so small 
compared to the scatter of values in the whole 
sample groups, however, that they are not 
detected by the statistical tests. The vehicle 
of this metasomatism was apparently water-rich 
fluid which moved upward and outward from 
the intrusion, and the reasons for this suggestion 
will be clear when the details of metamorphism 
have been described and a later and more 
extreme stage of desilication is explained. 


Evolution of Metapelitic Rocks 


Chemical analysis of the various metapelitic 
rocks revealed that although many of the 
rocks have similar compositions, four different 
mineral assemblages developed in the outer 
and intermediate ranges of the aureoles, ranges 
which would seem to have had equivalent 
temperature-pressure environments. Moreover, 
the assemblages are not haphazardly mixed in 
the aureoles but tend to occur in certain 
stratigraphic units and around certain stocks. 
The four assemblages are cordierite-andalusite- 
biotite, cordierite-biotite, staurolite-andalusite- 
biotite, and andalusite-biotite, ali with quartz, 
muscovite, plagioclase, and minor ore minerals. 

CORDIERITE - ANDALUSITE - BIOTITE ROCKS: 
Hornfelses, semihornfelses, and schists con- 
taining abundant cordierite and andalusite 
are widely developed around Bloody Run, 
Flynn, and Santa Rosa stocks, and to a lesser 
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degree around all the other stocks except 
Sawtooth stock. Most are formed from Singas’ 
phyllites, but not all Singas phyllites have| 
evolved this paragenesis. Suites 6, 8, 14, 15,| 
16, and 17 are of this type. 

The abundant large chlorite grains of the 
phyllites provide a unique textural datum on 
which to base the progression of mineral reac- 
tions. The first new grains at the outer edge 
of the aureole are typically red biotite and | 
andalusite, and although they may form no | 
more than 0.001 per cent of the rock, biotite | 
typically pseudomorphs coarse chlorite rather | 
than fine-grained materials, and andalusite 
forms small porphyroblasts (Pl. 2, fig. 3). 
Furthermore, the scarcity of rocks that contain 
only small amounts of these minerals suggests 


that where reactions could take place at all,’ 


they went rapidly. Cordierite occurs near | 
the margin of the aureole but is nowhere found 
without andalusite and biotite, indicating 
that the following two reactions took place in 
sequence: 


muscovite + chlorite — andalusite + biotite | 


+ quartz + water 
muscovite + chlorite + quartz — cordierite + 
andalusite + biotite +- water. 


The first few grains of cordierite are spongy 
ovoid porphyroblasts, and they have Fe:Mg 
ratios close to 1:1, as do most of the cordierites 
of this paragenesis. The fine-grained minerals 
between the various porphyroblasts do not 
change in appearance, but they diminish in 
amount throughout the outer parts of the 
aureoles. Deep in the outer zone, chlorite is 
consumed and little of the gray mica of the 
phyllites remains, but muscovite and quartz 
are only a little coarser-grained than in the 
phyllites. These rocks are characteristically 
semihornfelses with abundant cordierite and 


andalusite porphyroblasts 1-3 mm long. Mega- | 


scopic quartz veins and other coarse-grained 
segregations are very scarce in these rocks, 
but microscopic veins cut the anhydrous 
porphyroblasts here and there without pro- 
ducing any change in the paragenesis (Pl. 3, 
fig. 1). Near the boundary of the inner zone, 
the rocks change gradually to coarse hornfelses 
and schists. K feldspar occurs sparingly in 
some of these rocks, but it cannot be determined 
whether it formed from muscovite or biotite. 
Deeper within the inner zone, however, the 
stringy or grainy appearance of muscovite 


first. Biotite, however, dwindles in amount as 
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except the contact is approached, and in some horn- 
1 Singas} felses it can be seen to have reacted to K feld- 
es have, spar and small grains of ore (PI. 3, fig. 2). The K 
14, 15,| feldspar is generally perthitic, with plagioclase 
| strings that are so thin and so evenly distributed 
| Of the’ as to suggest exsolution from a homogeneous 
tum on} parent. Orthoclase occurs in some rocks and 
‘al reac-| microcline in others; they are distinguished 
er edge | on the basis of twinning and size of optic 
ite and! axial angle. Oligoclase forms separate grains 
orm red in all these rocks, and here and there in the 
, biotite} innermost hornfelses are coarser-grained veins 
> rather! and patches a few millimeters long that consist 
dalusite| of quartz, perthite, and oligoclase, locally 
fig. 3). accompanied by andalusite, biotite, or euhedral 
contain | cordierite. Sillimanite occurs widely although 
suggests | sparingly in the inner zone and has formed 
at all,’ from micas and andalusite (Pl. 3, fig. 3). It is 
‘S$ near! not everywhere present in the more dehydrated 
e found of the rocks (as specimen 16D). A few small 
licating | prismatic grains may be hypersthene, but 
slace in this mineral was not identified with certainty. 
CORDIERITE-BIOTITE ROCKS: Cordieritic rocks 
“biotite | without andalusite or sillimanite formed over 
) broad areas where the Andorno and Mullinix 
erite + | formations and the upper part of the Singas 
formation are cut by Santa Rosa, Andorno, 
and Flynn stocks. Analyzed suites 5, 9, 10, 11, 
SPpongY 12, and 13 are of this type. The initial phyllites 
Fe:Mg in these suites are finer-grained and more 
dierites dolomitic and calcitic than the main mass of 
ainerals" Singas phyllites, but large chlorite grains like 
do not those in the Singas phyllites are everywhere 
nish in | present. Nonporphyroblastic red biotite occurs 
of the commonly just outside the aureole contact, 
orite 18 and the reaction forming this mineral appears 
of the | to have gone especially easily in silty and 
quarty sandy layers intercalated with the metapelites. 
vy the | ‘The aureole boundary marks the first ap- 
stically pearance of 1-2 mm cordierite porphyroblasts 
te and | in metapelites (Pl. 2, fig. 4), and it also marks 
Mega- the point where carbonates are largely or 
grained entirely reacted to plagioclase. The over-all 
rocks, reaction is: 
ydrous 
it pro- chlorite + muscovite + carbonates + albite + 
(Pl. 3, quartz — biotite + cordierite + 
r zone, plagioclase + CO, + water. 
mfelses | The plagioclase in these rocks may have any 
gly in composition from oligoclase to bytownite and 
rmined is typically andesine. The cordierites are more 
biotite. | magnesian than the cordierites of andalusitic 
er, the | hornfelses (Mg:Fe ratios are about 3:2 rather 
scovit€ | than 1:1), and this additional magnesia 
apes Of | doubtless comes from the dolomite of the 
down | phyllites. Chlorite and gray mica seem to 
unt as 





| disappear at an earlier stage than in the 
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cordierite-andalusite rocks, and the semi- 
hornfelses take on a reddish hue because of the 
abundant biotite. The grain size of the ground- 
mass, however, increases very little. In the 
inner zone, muscovite dwindles as the igneous 
contact is approached, but K feldspar is scarce 
or absent. Judging from the modal analyses, 
muscovite has reacted with cordierite and iron 
ores to form biotite throughout the inner zone, 
and presumably some potential K feldspar has 
gone into the abundant plagioclase. 
STAUROLITE - ANDALUSITE - BIOTITE ROCKS: 
Schists and semihornfelses with staurolite 
occur in the Grass Valley formation arouid 
Sawtooth stock and in the Singas formation in 
the outer part of the Santa Rosa aureole be- 
tween Lamance and Cottonwood creeks. The 
Singas phyllites from which these rocks formed 
are poorly sorted metapelites, but the Grass 
Valley phyllites near Sawtooth stock are 
evenly grained and contain more gray mica 
relative to chlorite than do the Singas phyllites. 
Suites 1, 2, 3, and 4 are from the Grass Valley 
formation; no staurolitic Singas formation rocks 
were analyzed. Chloritoid porphyroblasts (un- 
accompanied by biotite) are abundant in one 
thick unit of phyllite on the north side of Wood 
Canyon, just outside the Sawtooth aureole 
(specimen 2A), indicating that some phyllites 
began to react at temperatures below the 
thresholds for the red biotite, andalusite, and 
staurolite reactions. The reaction of this 
chloritoid to staurolite and biotite could not 
be traced because of incomplete exposures; 
however, the change appears to be complete 
within a distance of less than 300 feet. At the 
outer contact of the aureole, red biotite typically 
formed before staurolite and andalusite, but 
staurolite-biotite assemblages occur locally at 
the outer limit of the aureoles. In still other 
places at the outer contact, andalusite is 
present with one or both of these minerals. 
The porphyroblasts in these outermost rocks 
are locally clustered along what appear to have 
been fractures in the phyllites, and quartz 
veins and lenses are commonly surrounded by 
coarsely porphyroblastic rock. The rocks of 
this paragenesis coarsen more abruptly than 
do the cordieritic rocks. Andalusite forms thick 
euhedral prisms half an inch to 1 inch long, 
and staurolite is easily recognized with the 
unaided eye. Under the microscope, biotite is 
seen to be much coarser and magnetite more 
abundant than in cordieritic rocks in the other 
aureoles. In a few specimens from the outer 
part of the inner zone, staurolite is replaced by 
biotite, and here and there a grain has a 








reaction rim of magnetite, but otherwise the 
assemblage seems to have been stable through 
all the outer zone and most of the inner zone 
of the Sawtooth aureole. Within 100 feet of 
the granite contact, however, staurolite occurs 
only buried in large andalusite crystals, and 
these rocks typically contain exceptionally 
large porphyroblasts of muscovite and anda- 
lusite, as well as sillimanite needles that have 
formed from andalusite and biotite. In one 
case, a large andalusite grain is replaced by an 
aggregate of quartz, muscovite, and two 
grains that appear to be cordierite, but no 
other cordierite was found. 

Staurolitic rocks are widespread in the outer- 
most 1000 feet of the Santa Rosa aureole north 
of Lamance Creek, and in the same area 
cordieritic rocks form the innermost 2500 feet 
of the aureole; the rocks that lie between (about 
1000 feet wide) are too diaphthorized to permit 
detection of reactions, if any, from staurolite to 
cordierite. 

ANDALUSITE-BIOTITE ROCKS: Andalusitic rocks 
without staurolite or cordierite formed from 
Grass Valley phyllites in parts of the Sawtooth 
aureole and also from Singas phyllites along 
the west side of the Santa Rosa and Andorno 
aureoles, as well as locally in the Bloody Run 
aureole. Suite 7 and specimens 4A and 16C 
are of this type. Many specimens of this 
paragenesis from the Santa Rosa aureole 
have ovoid aggregates of red biotite (in part 
with muscovite or chlorite) that were probably 
once cordierite. None of these rocks, however, 
contain any relicts of cordierite, and in view 
of the fact that coarse andalusite and biotite 
are completely unaltered in them, it appears 
that the assemblage andalusite-biotite-musco- 
vite was widely stable, whether cordierite 
was once present or not. 

As in the staurolite-andalusite-biotite rocks, 
andalusite euhedra in these rocks are large 
and tend to be concentrated near quartz veins 
and lenses. Rarely, these quartz bodies con- 
tain large crystals of pink andalusite. Many 
andalusite grains have a strikingly multiple 
euhedral form (Pl. 3, fig. 4), and in some 
specimens the cores of the porphyroblasts are 
pink and pleochroic. Near Sawtooth stock, the 
only place where an analyzed suite could be 
traced to a granite contact, the rocks coarsen 
and are peppered with large muscovite grains. 
Sillimanite has formed here from some biotite 
and andalusite grains. As noted heretofore, 
some staurolitic rocks appear to have been 
converted to this assemblage in the inner 
range of the Sawtooth aureole. No K feldspar 
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was found in these inner-zone rocks, although 

oligoclase is abundant. In one case, however, a! 
curious metasiltstone intercalated with the\ 
metapelites near the contact between the two 

zones contains large, separate porphyroblasts of 

microcline and muscovite. 

On the west side of the Santa Rosa and 
Andorno aureoles, biotite and andalusite formed 
first but were apparently joined (in the inner 
part of the inner zone?) by cordierite, which 
was subsequently converted to mica (Pl. 3, | 
fig. 4). The analyses of these rocks (suite 7) | 
show clearly that this conversion was not | 
caused by addition of K,O. Judging from the | 
unusual abundance of andalusite and biotite 
relative to muscovite, the following reaction | 
took place: 


cordierite + muscovite — biotite + 
andalusite + quartz. 


None of the beds in this western Singas belt 
can be traced directly to Santa Rosa stock 
because they strike nearly parallel to its contact; 
however, where they swing across the north 
end of the stock, and also where they are cut 
by Granite Peak stock, large ovoid grains of 
cordierite are commonly associated with large 
andalusite porphyroblasts. In the Granite 
Peak aureole, these fresh rocks are commonly 
altered to rocks with mica spots like those 
that occur along the west side of Santa Rosa 
stock. In spite of the distance between these 
northern occurrences and the analyzed suites, 
it is quite certain that they have developed 
the same paragenesis and that the andalusite- 
biotite assemblage of the Singas beds is second- 
ary to the cordierite-andalusite-biotite assem- 
blage. This is definitely not the case, however, 
in the Sawtooth aureole. 

ALMANDINE GARNET IN THE SANTA ROSA 
AUREOLES: The chemical compositions of these 
rocks and the occurrence of staurolite in some 
of them indicate that almandine might well 
have formed in the aureoles; however, this 
mineral was found only in three large erratic 
blocks of  sillimanite-biotite-almandine-quartz 
schist which lie between Mullinix Creek and 
Solid Silver Canyon near the contact of the 
Tertiary lavas. The source of these blocks 
could not be found, and although they could 
have been derived from the aureole of Santa 
Rosa stock, it is more likely that they were 
brought up by the stocks, or along the major 
fault which lies half a mile to a mile away. 
Perhaps they represent a deeper-lying para- 
genesis of the Santa Rosa rocks. 
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though Origin of the Four Metapelitic Mineral 
ever, a Assemblages 

th the nck 
he two COMPOSITIONAL DIFFERENCES: The possibility 


lasts of | that small compositional differences led to the 
apparent anomaly of the four different mineral 
sa and assemblages was considered as far as the 
formed analyses allow, and the cordierite-biotite 
e inner assemblage can almost certainly be explained 
which | in this way. Comparisons were made between 
(Pl. 3, individual analyses, between ratios of pairs of 
uite 7) joxides, and also by comparing plots of the 
as not | analyses on an Al,O;-FeO-MgO diagram. The 
om the | averages of the more thoroughly reacted rocks 
biotite | from each group were also compared (Table 4). 
eaction | Both the averages and the individual analyses 
show that the cordierite-biotite rocks are richer 
‘in CaO and poorer in Al,O; than the other 
rocks, so that plagioclase formed in comparative 
abundance and andalusite did not. This con- 
clusion is supported by petrographic data on 
as belt the evolution of the assemblage already de- 
, stock scribed. On an Al,O;-FeO-MgO diagram, all 
ontact; | the rocks of this group lie outside the andalusite 
north }field except specimen 11B, and the mode and 
are Cut |chemical composition of this rock show that 
ains of | its high K,O content led to the formation of 
h large | muscovite in place of potential andalusite. 
sranite The cordierite-biotite rocks are thus compo- 
monly | sitional variants of the cordierite-andalusite- 
_ those | biotite rocks, and it is important to note that 
2 Rosa | the two rock types formed in the same aureoles, 
these STAUROLITIC VS. CORDIERITIC ROCKS: Careful 
suites, comparisons of the analyses failed to bring out 
eloped any basic compositional differences between 
lusite- the other three rock types, and considering 
econd- the broad distribution of each type within 
assem- | certain aureoles, it seems unlikely that un- 
wevel, |analyzed constituents can have caused any 
| one of the assemblages. This conclusion is 
ROSA ‘supported by the fact that staurolitic and 
f these cordieritic rocks are nowhere interbedded or 
1 some interveined, although compositional variations 
it well through the broad areas of cordieritic rocks 
r, this certainly must give rise to many beds that 
erratic have compositions identical to the specimens 
quartz | that contain sturolite. Origin of the staurolitic 
k and | and cordieritic rocks is especially interesting 
of the because both of these key minerals are iron- 
blocks | rich aluminous silicates which have been linked 
could | classically with stress and antistress environ- 
Santa | ments or with dynamothermal and thermal 
y were | metamorphism. In the Santa Rosa aureoles, 
major | however, euhedral staurolite occurs in rocks 
away. | with either moderately schistose or essentially 


para- | hornfelsic textures (PI. 4, fig. 1), and andalusite 
and cordierite occur both in hornfelses and in 
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helecitic schists (Pl. 4, figs. 2, 3, 4). Judging 
from the various textures and the evidence for 
forceful intrusion of the stocks, both minerals 
formed while the rocks were undergoing weak 


TABLE 4.—AVERAGE COMPOSITIONS OF FouR 
METAPELITIC ASSEMBLAGES, CALCULATED FREE 
oF H20, COs, anp S$ 

(All rocks contain quartz, biotite, muscovite, 
and plagioclase in addition to the minerals listed) 

















Ls ~s | Cordi- Ande} | Stauro- 
Oxide erite* re site™* | a 
sitet | site** 
SiO, | 62.9 | 64.1 | 64.7 | 63.5 
TiO, | OS 1.4.5 1 8) te 
ALO; 118.5 | 19.9 | 21.1 | 21.0 
Fe.03 | 06 | 1.2 | 20 | 1.8 
FeO | 6.0 | 60 | 4.2 | 5.0 
MnO ~ =| _0.08/ 0.08} 0.07| 0.08 
MgO [28 > Bob R64 22 
CaO | 2.6 | 0.9 | 0.7 | 0.5 
NazO bak) bed | 1.5 | 1.3 
K,0 ee © ee Ae: ee 
PO; | 0.17] 0.17| 0.17| 0.17 
Total Fe as 
Fe,0; 7.4 
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* 7 specimens 
+ 8 specimens 
** 4 specimens 


to strong deformation. Why, then, should 
cordierite have developed broadly throughout 
most of the aureoles, while staurolite is confined 
to the Sawtooth aureole and one area in the 
outer part of the Santa Rosa aureole? In order 
to better evaluate these two environments, it is 
necessary to consider the reactions that pro- 
duced the assemblages, not only with regard to 
mineral species but also with regard to actual 
stoichiometric amounts of reactants and 
products. Such reactions could not be set up 
for the averages of rock groups because of the 
unreliability of some modes and also because 
the reactions in some of the rocks are incom- 
plete. Instead, two rocks with very similar 
compositions (specimens 2B and 8C) were 
used to derive two reaction equations, by the 
following steps: (1) general mineral reactions 
were set up on the basis of petrographic 
relationships, (2) approximate chemical com- 
positions of the minerals were determined by 
petrographic methods, (3) proportions of 
products in each reaction were computed from 





the modes, and (4) proportions of reactants 
and volatile products were computed as re- 
quired to balance the equations. The resulting 
mineral compositions and reactions are as 
follows: 


chlorite = (Fe,Mg)s5AlSi;0;0(OH)s 
biotite = K2(Fe, Mg)sAlsSis.sO20(OH), 
cordierite = (Fe, Mg)2AlSisOis 
with Fe: Mg approx. = 1 
staurolite = (Fe, Mg)2AlpSisOv2(OH)2 
with Fe:Mg > 1 
1.1 chlorite + 1 muscovite — 1 biotite + 1.5 
andalusite + 0.25 staurolite + 1.2 
quartz + 4.1 water 
1.4 chlorite + 1 muscovite + 1.3 quartz 
— 1 biotite + 1 cordierite + 1 
andalusite + 5.6 water. 


Of the two, the staurolite reaction should have 
the lower threshold temperature because the 
difference between the reactions, which is 


0.25 staurolite + 0.5 andalusite + 0.3 
chlorite + 2.5 quartz — 1 
cordierite + 1.5 water 


would certainly go to the right under condi- 
tions of increasing temperature. The geologic 
evidence in the Santa Rosa area supports this 
conclusion, for in the one place where staurolitic 
rocks occur adjacent to cordieritic rocks they 
are in the outer part of the aureole. At least 
two other well-described areas have similar 
relationships. In the aureole of the Ardara 
pluton of County Donegal, Ireland, staurolite 
porphyroblasts are common in the outer zone, 
whereas cordierite is confined to a narrow zone 
next to the intrusion (Iyengar, Pitcher, and 
Read, 1954, p. 223-224; Akaad, 1956, p. 382- 
388); the same general relationships exist in 
the broad aureole bordering parts of the 
Bushveldt norite, (Hall, 1908, p. 16 and Pl. 3). 

The petrogenetic problem of these rocks can 
probably be focused to one remaining question: 
why did not staurolitic rocks form in the outer 
parts of all the aureoles? In view of the fact 
that the phyllites lying just outside the cordie- 
ritic aureoles should have developed the 
staurolite paragenesis but did not, metastable 
conditions were involved, and the explanation 
must lie in some kinetic difference between the 
two environments. The best possibility from 
the geologic evidence is that the trondhjemitic 
magma of Sawtooth stock was sufficiently cool 
and rich in water when emplaced so that 
water pressures near its borders were always 
greater than in the adjoining phyllites. Meta- 
morphism took place as soon as magmatic 
water permeated the phyllites, for although 
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temperatures were moderate, the fluids pro 
vided the mobility needed to make the staurp 
lite reaction go appreciably. Evidence for ti, 
lower temperature of the Sawtooth magma ha 
been described in the section on the stocks, 
Evidence that water was abundant during 
progressive metamorphism includes: (1) the! 
presence of quartz-rich veins and other bodies, 
(2) the clustering of large porphyroblasts| 
around these bodies, (3) the large size of grains| 
of andalusite, muscovite, biotite, and staurolite,| 
(4) the high Fe,0;/FeO ratios of the rocks, and} 
(5) the metasomatic changes during progressive| 
metamorphism. 

In contrast, it may be hypothesized that the 
granodiorite magmas contained so little water! 
that little if any passed into the aureoles during! 
the early phase of contact metamorphism; 
indeed, it is likely that dehydration water from| 
the phyllites passed into the stocks during this 
stage. Regardless of which way the dehydration 
water moved, however, little moved at all 
until temperatures were high enough to start) 
dehydration reactions going appreciably in| 
nearly dry phyllite. If the rate of heating by? 
the stocks was relatively rapid, the temperature} 
at this point would be suitable for the cordierite! 
reaction rather than the staurolite reaction. 
Locally, as in the one area north of Lamance 
Creek, outward or upward flow of dehydration 
fluids was sufficient to catalyze the staurolite| 
reaction, and it is notable that the outer but 
not the inner contact of the aureole swings out 
sharply where these rocks occur. 

It may be tempting, on first considering these 
various relationships, to conclude that the 
basic difference between the two types ol! 
parageneses is water content or water pressure,| 
It is clear, however, that the more dry Santa| 
Rosa aureole became wet as soon as dehydration| 
reactions began, and that the flow of large, 
amounts of water through the rocks produced) 
no change whatsoever in the course of the 
paragenesis, even where these fluids were 
concentrated along fractures. Furthermore, it 
seems very likely that the pressures exerted by; 
these fluids were not much less than the con- 
fining (rock) pressures, because the rocks were! 
deeply buried, were relatively impermeable, 
and were being both rapidly heated and force-| 
fully intruded by the stocks. If fluids were! 
being drawn into the stocks, however, it is) 
possible that water pressures in the more| 
dehydrated rocks near the contacts were locally; 
very much less than the confining pressures, 
but this must be considered as conjecture only.| 

ANDALUSITE-BIOTITE ROCKS: The reaction! 
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relationships in the andalusite-biotite rocks are 
more difficult to evaluate because most of these 
rocks had a two-stage paragenesis; however, 
specimen 7C has so nearly the same composition 
as the rocks used in computing the other two 
reactions that it seems worthwhile to make a 
comparison. Using the steps outlined heretofore, 
the reaction for this rock is: 


1 chlorite + 1 muscovite — 1 biotite 
+ 2.5 andalusite + 1 quartz + 
4 water. 


This reaction is very similar to the staurolite 
reaction and would go at lower temperatures 
and probably under more hydrous conditions 
than the cordierite reaction. This agrees with 
the geologic evidence, for andalusite-biotite 
rocks are intimately mixed with staurolitic rocks 
in the Sawtooth aureole. Furthermore, these 
rocks also show textural and structural evidence 
for easy growth of grains in the presence of 
abundant fluids. As was noted in the description 
of the parageneses, the andalusite-biotite rocks 
on the west side of Santa Rosa stock have 
formed by reaction of cordierite to biotite, and 


ting by) since they have the same textural charac- 
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teristics as the Sawtooth rocks, this reaction 
was probably brought on by addition of mag- 
matic water that was cool enough to cause the 
reaction of cordierite to mica but hot enough to 
allow andalusite to recrystallize and grow. The 
high Fe,0O;/FeO ratios of these rocks are 
comparable with those of the Sawtooth aureole 
and support this suggestion. These andalusite- 


' biotite rocks are presumably the retrograde 
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equivalents of the small patches of andalusite- 
biotite phyllites that lie just outside the 
cordieritic rocks, at the edge of the cordieritic 
aureoles. 

Why andalusite-biotite assemblages should 
have developed in some wet situations and 
staurolite-andalusite-biotite assemblages in 
others is not understood. Why are staurolitic 
rocks mixed with andalusite-biotite rocks 
around Sawtooth stock but not along the 
west side of Santa Rosa stock? Perhaps the 
two-stage paragenesis of the Santa Rosa rocks 
had some effect; for example, there may be 
some kinetic reason why cordierite-andalusite 
rocks are more readily converted to andalusite- 
biotite rocks than to staurolitic rocks. This 
problem requires a far more detailed comparison 
than was made in this study. 


Basic Igneous Rocks 


Metamorphosed basic igneous rocks are 


| very scarce in the Santa Rosa terrane but were 
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studied both petrographically and chemically 
in order that the various metapelites might 
better be assigned to the classical metamorphic 
facies. The four analyzed rocks (18, 19, 20, 
and 21) are certainly basic enough to have 
developed pyroxenes during metamorphism, 
and the same is true of several other unanalyzed 
samples; however, neither orthopyroxenes nor 
clinopyroxenes were found in them. Specimen 
18 is a mafic gray-green metadiabase from a 
small dike 1000 feet outside the aureole; it is 
representative of three other similar dikes from 
widely scattered localities. Coarse pale-green 
actinolite is by far the most abundant mineral 
in all these rocks, but albite and chlorite are 
also abundant. Epidote and related minerals 
are strikingly scarce in every case. Specimen 
19 is from the only known outcrop of these 
rocks near granite, and it occurs within a few 
feet of granodiorite, where the metapelites are 
cordieritic hornfelses with scarce K feldspar. 
Like ordinary amphibolites, it consists almost 
entirely of hornblende (green in Z), calcic 
andesine, and sphene, but its texture is coarsely 
hornfelsic (grains are 1-3 mm in diameter). 

A second, less mafic type of rock, represented 
by analyzed specimens 20 and 21, occurs at 
several places in the aureoles but nowhere 
outside them. Specimen 20 is from a thin dike 
that lies in cordierite-andalusite semihornfels 
near the middle of the Granite Peak aureole. 
This and other specimens from nearby are 
biotite-bearing hornfelses, rich in hornblende 
(gray green in Z) and calcic andesine, and with 
ilmenite but no sphene. Specimen 21 is of the 
same composition but from the inner zone of 
the Santa Rosa aureole, where cordierite- 
andalusite metapelites carry both sillimanite 
and K feldspar. Here, again, plagioclase is calcic 
andesine, but hornblende is greenish brown in 
Z and the titanian minerals are ilmenite and 
rutile. 


Dolomitic and Calcareous Rocks 


Metamorphosed impure dolomites and 
magnesian limestones, as well as dolomitic and 
calcareous shales, siltstones, and sandstones, 
are minor but widespread constituents of the 
aureoles, especially in the Winnemucca and 
Andorno formations. None of these rocks were 
analyzed, but their mineral assemblages indi- 
cate they have compositions representative of 
all the calcareous and basic classes of the 
standard ACF diagram, except the one (with 
anthophyllite or hypersthene) lying at the 
ferromagnesian (F) corner. The universal 





mineral assemblage outside the aureoles is 
calcite - dolomite - quartz - albite - chlorite - 
muscovite, the proportions of these minerals 
varying greatly from bed to bed. The first 
reasonably complete reactions are shown by 
impure dolomitic sandstones which change to 
quartz-hornblende-calcic plagioclase _ rocks 
(locally with clinozoisite) in the outer fourth of 
the Santa Rosa aureole (none could be found at 
the outer contact). Quartz-hornblende-calcic 
plagioclase-garnet rocks, locally with clino- 
zoisite, occur near the outside of the Sawtooth 
aureole, associated with biotite-staurolite 
phyllites (locality 3B). Calcareous to magnesian 
rocks in the intermediate range of the aureoles 
typically contain quartz and sphene and 
have the ACF assemblages diopside-calcite- 
grossularite, diopside-grossularite, diopside-pla- 
gioclase - grossularite, diopside - plagioclase, 
diopside - hornblende - plagioclase, and horn- 
blende-plagioclase. Clinozoisite is present in 
many of these rocks, but its tendency to form 
irregular webs through and around other 
grains indicates that in many cases it may be 
a product of degradation. Other epidote min- 
erals are conspicuously absent in almost all 
rocks. The occasional occurrence of albite in 
these calcareous rocks also suggests degrada- 
tion. 

In the inner zone, quartz and calcite are 
found together less commonly, and wollastonite 
is widespread. Microcline occurs in several of 
these inner zone rocks, and orthoclase (untwin- 
ned, 2V = 50°) in two others. Vesuvianite 
formed here and there near the contact, espe- 
cially around Sawtooth stock, and a few grains 
of a humite mineral were found in the inner 
zone of the Sawtooth aureole. Otherwise, the 
mineralogy of the inner-zone rocks is the same 
as that in the intermediate range of the aureoles. 


Metamorphic Facies 


Considering both the progressive and retro- 
gressive relationships within the entire Santa 
Rosa area, the various metapelitic mineral 
assemblages may be listed in progressive order 
as follows: 

(1) muscovite-chlorite-albite-quartz 

(2) muscovite-biotite-plagioclase-quartz 

(3) muscovite - biotite - staurolite - plagio - 
clase-quartz. 

(4) muscovite - biotite - andalusite - plagio - 
clase-quartz 

(5) muscovite - biotite - cordierite - andalu - 
site-plagioclase-quartz 
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(6) K feldspar - cordierite - andalusite 
(sillimanite)-plagioclase-quartz. ‘ 
The first of these assemblages is clearly of the! 
muscovite-chlorite subfacies, the lowest sub- 
division of the classical greenschist facies, 
Assemblage (2) occurs locally at the outside 
edge of the aureoles and would appear to be 
roughly equivalent to a higher-grade part of 
the greenschist facies except that in some of! 
these rocks plagioclase is more calcic than} 
albite. Assemblages (3) and (4) are associated / 
with basic and calcareous rocks that consist | 
largely of hornblende and calcic plagioclase, so | 
that they can be assigned to amphibolite facies, ' 
Quite possibly these assemblages represent | 
temperatures similar to those of the staurolite- | 
quartz subfacies of regionally metamorphosed | 
rocks (Francis, 1956; Turner, 7m Fyfe, Turner, } 
and Verhoogen, 1958, p. 229). Assemblage (5), | 
by the same general sort of comparison, may be 
roughly equivalent to the intermediate or 
kyanite-muscovite-quartz subfacies of region- 
ally metamorphosed rocks (Francis, 1956; | 
Turner, in Fyfe, Turner, and Verhoogen, 1958, | 
p. 230). Assemblage (6) must correspond in } 
part at least to the upper range of amphibolite | 
facies, because basic rocks associated with it} 
have the assemblage hornblende-andesine. 
This appears to run counter to the classical 
division of amphibolite and pyroxene hornfels 
facies (See, for example, Turner, in Fyfe,| 
Turner, and Verhoogen, 1958, p. 205-213). | 
However, Rose (1958) has noted a similar 
situation in other aureoles, and therefore it; 
may be that the greater part of the inner zone 
of the Santa Rosa aureoles corresponds to the) 
highest-grade part of the amphibolite facies. | 
Basic rocks are too few and too scattered, | 
however, to provide a definite test for the! 
presence or absence of hypersthene in the 
innermost parts of the aureoles, so that it is 
very possible that some of these rocks are of! 
pyroxene hornfels facies. 

Although the correlations of these assem- 
blages with the progression of facies of regional- 
metamorphic realms are approximate at best, 
the general order of their appearance and their| 
spatial distribution around the stocks show) 
clearly that they were caused essentially by{ 
progressive heating. Thus, in spite of the) 
differences between certain aureoles, the terrane} 
as a whole has responded to contact-meta-| 
morphic conditions in a reasonably orderly} 
way. Where the assemblages are greatly tele-} 
scoped at the margins of the aureoles, it is clear 
that some of them were metastable, and, as} 
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noted, the cause of this metastability was 


| probably the rapid heating of rocks that con- 


tained only minor amounts of pore fluids. These 
relationships are an interesting aspect of this 
particular contact metamorphism, but they 
offer no basis on which to question the validity 
of the facies themselves. 


Pressures and Temperatures 


It was shown in the interpretation of the 
stocks that the metamorphic rocks presently 
exposed lay 2 to 5 miles deep at the time of 
contact metamorphism. Confining (rock) 
pressures were therefore anywhere from 1000 
to 2500 atmospheres (bars), and probably 
close to 1000 atmospheres. As noted in the 
discussion of the cordierite and staurolite 
parageneses, the water pressures during the 
main stage of progressive metamorphism were 
probably close to the rock pressures, although 
in the most dehydrated rocks of the inner zone 
they may have been much less. Assuming 
water pressures of 1000 to 1500 atmospheres 
for the outer zone, the parageneses may be 
compared fruitfully with recent experimental 
studies of silicates. 

Hydrothermal studies reported by Winkler 
and von Platen are especially pertinent because 
the materials used were natural clays and 
because two of these clays have bulk composi- 
tions similar to the less ferruginous phyllites of 
the Santa Rosa area (Winkler, 1957, p. 44; 
Winkler and von Platen, 1958, p. 93). In the 
first part of these studies, three clays were 
heated under 2000 atmospheres water pressure, 
and threshold temperatures were determined 
for most of the critical isochemical reactions of 
contact metamorphism, including _ partial 
melting. In the second part of the studies, 
NaCl was added to the clays (to proxy for 
connate sea water), and upon heating under 
the same conditions many of the reactions were 
found to go at somewhat lower temperatures 
than before. Considering that the Santa Rosa 
phyllites lost almost all their uncombined 
connate water during earlier regional meta- 
morphism, and considering also that the water 
pressures on the Santa Rosa rocks were prob- 
ably nearer 1000 atmospheres than 2000 
atmospheres, the temperatures at the outer 
edge of the cordieritic aureoles can be estimated 
as 450° to 500°C. and the temperature near the 
center of the inner zone as approximately 600°C. 
Studies on synthetic Mg cordierite indicate that 
it is stable to approximately 450°C. at 1000 


| bars water pressure (W. Schreyer and H. S. 
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Yoder, in Abelson, 1959, p. 101). The inter- 
mediate (MgFe) cordierites of the Santa Rosa 
area may, of course, be stable to lower tempera- 
tures; Schreyer and Yoder (in Abelson, 1959, 
p. 103) conclude only tentatively that “. . . iron 
does not change the lower stability limits of 
cordierite appreciably.” Roy and Roy (1955, p. 
174) report the synthesis of andalusite at tem- 
peratures as low as 450°C., but its stability 
in the presence of excess water and silica sug- 
gests higher temperatures because they found 
pyrophyllite stable to 575°C. D. M. Roy 
(Personal communication) cautions, how- 
ever, that impurities may affect both the 
formation and stability of andalusite. 

The instability of biotite in the inner zone 
suggests that either temperatures were very 
high or water pressures very low, but existing 
data on synthetic biotites do not allow direct 
comparisons with the Santa Rosa hornfelses. 
The distinct instability of muscovite in the 
inner zone may be correlated with the data 
of Yoder and Eugster (1955, p. 242), suggesting 
either that temperatures were on the order of 
620° to 660°C. (for water pressures of 500 to 
1000 bars) or that water pressures were very 
low. 

Temperatures of 450° to 500°C. seem high 
for rocks that lie as far as 4000 feet from even 
the large Santa Rosa stock; however, as noted 
in the description of the stocks, the magmas 
may well have been entirely liquid when 
emplaced, and since the magmas seem to have 
been relatively dry, their temperatures could 
easily have been 900°C. or more at that time. 
The strong crosscutting nature of the stocks 
seems suitable for high temperatures of em- 
placement, and if there was a convective circula- 
tion of fresh magma up the center and down 
the walls, as hypothesized, a high-temperature 
source of heat may have existed next to the 
country rocks for a long time. By the time the 
granodiorite stocks had grown to their present 
size, temperatures at their borders would 
presumably have been much less, perhaps 
between 700° and 800°C. 


LATE METASOMATISM AND RETROGRADE 
METAMORPHISM 


Metasomatism during the late stage of 
crystallization of the stocks produced broad 
and locally intense changes in the aureoles. 
The first changes took place locally along 
fractures and granite contacts and consisted 
mainly of a strong desilication of hornfels by 
hot fluids. Later, fluids with lower temperatures 
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permeated most of the aureoles, rehydrating 
the rocks to low-grade assemblages and causing 
local exchanges of silicate materials. All these 
changes are later than the progressive stage of 
metamorphism, as they are superimposed on 
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FIGURE 6.—VERTICAL FACE OF OUTCROP IN UPPER 
MULLINIX CREEK AREA, SHOWING A DISCON- 
Tinous RIND OF CORUNDUM-ANDALUSITE- 
Mica HornFEtS FORMED WHERE A 
Quartz VEIN CuTs A BED OF QUARTZz- 

Ricuw CorpreERITIC HORNFELS 


The bed on the extreme left is laminated meta- 
siltstone; the lighter one is a massive metasiltstone 
with scattered porphyroblasts of cordierite. 


textures and mineral assemblages that are 
identical with those in immediately adjoining 
unaltered rocks; furthermore, they are com- 
monly related to fractures that cut composi- 
tional and textural variants of the aureoles. 
DESILICATION AND ALKALI METASOMATISM: 
Desilication was so great along some fractures 
in hornfels and on the borders of some inclusions 
in granodiorite that it produced corundum- 
bearing rocks from quartz-rich hornfels. The 
most widespread and obvious alteration of this 
type took place in the inner aureole of Santa 
Rosa stock, where cordieritic hornfelses are cut 
by quartz veins. Here and there, the veins are 
bordered by a rind of black, heavy hornfels 
consisting of andalusite, micas, and corundum, 
and between this rind and the unaltered 
cordieritic hornfels is a layer of variable thick- 
ness in which cordierite has been altered to 
white mica and probably other fine-grained 
minerals. The contacts between all four 
components of this series are sharp, and their 
spacial relationships are such that there can be 


: 
' 
no question but that the changes have affected 
rock of one composition (Fig. 6). Suite 5 was” 
collected to test the compositional changes in an_ 
average association of this type, the specimens 
being located only a few inches apart. As can 
be seen from the analyses and proportional 
numbers, the change from cordierite hornfels| 
(SA) to corundum-bearing hornfels (5C) in-| 
volved desilication, addition of appreciable} 
K;0, probable loss of Na,O and CaO, and} 
little if any change in the other constituents / 
(except that they were all concentrated by loss 
of silica). In the muscovitized hornfels (5B), | 
water and K,O were added, whereas CaO and! 
Na,O were removed. In other similar associa- | 
tions the black rock consists mainly of andalu- 
site and corundum, whereas the amount of| 
altered cordierite hornfels bordering the black ) 
rind is small. It is likely, therefore, that the | 
early stage of this type of alteration tended to 
produce andalusite-rich, muscovite-poor rocks 
by desilication, and that at a later stage K;0 
and water reacted with the andalusite to| 
produce mica and corundum, probably because | 
of a decrease in temperature. Rose (1957) has} 
described a similar reaction association of| 
andalusite, corundum, and mica in a pegmatite | 
from the Yosemite region, California. In some} 
of the Santa Rosa rocks, however, euhedral 
corundum and andalusite occur side by side 
with little if any intervening mica (PI. 5, fig. 1), | 
proving extreme desilication at temperatures 
above those at which hydrated aluminous min- 
erals could form. } 
The silica in the veins would appear to be a 
simple segregation from the adjoining meta- 
morphic rocks, except that the black rinds are} 
generally too thin and discontinuous as com-| 
pared with the veins. The veins commonly} 
contain 1 or 2 per cent dolomite, epidote, 
actinolite, grossularite, diopside, or sphene, and | 
these minerals may well have formed from the 
CaO and minor substances leached from the 
hornfels. In view of the fact that these associa- 
tions occur near granitic bodies, it is probably 
safe to assume that much of the extra silica 
came from the intrusions, but it is striking 
that both the walls and inclusions of these 
silicic intrusives are themselves locally desili- 
cated. As along the veins, extreme desilication | 
of this type is restricted to a zone adjacent to! 
the granodiorite (Pl. 5, fig. 2). In many cases, | 
cordierite is concentrated rather than andalu-} 
site, and the alkali reactions on these minerals 
have produced corundum and feldspars in} 
many cases rather than corundum and mica. | 
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LATE METASOMATISM AND RETROGRADE METAMORPHISM 


Three cases were analyzed chemically, and 
although exact original compositions could not 
be determined because of sampling difficulties, 
they must have been close to the compositions 
shown for the suites 10, 11, and 14. Sample 
10C is from a coarse-grained inclusion from 
Stone House stock, and this inclusion has 
received a good deal of Na,O during and after 
desilication. It shows abundant textural 
evidence for alteration of andalusite to plagio- 
clase and corundum and also to plagioclase and 
sillimanite (Pl. 5, fig. 3). In other inclusions, 
reaction of andalusite to mica and corundum is 
equally obvious (PI. 5, fig. 4). Sample 11C is 
from a large inclusion lying along the walls of 
Santa Rosa stock. It shows the same sort of 
intense desilication and K,O0 metasomatism as 
shown by suite 5, although it is considerably 
coarser-grained and more muscovitic than the 
black hornfelses. Sample 14D is from the wall 
of Flynn stock, in one of the few places where 
the hornfelses are partly feldspathized and 
migmatized. It is representative of a group of 
inclusions and wall rocks in which biotite is 
abundant, quartz is common, and cordierite, 
andalusite, sillimanite, and corundum are 
missing. Judging from the analysis, rocks of 
this type are still markedly less siliceous than 
the least siliceous country rocks, and both 
alkalies have been added during metasomatism. 
It is not certain whether this sort of rock 
formed by late reactions on more highly desili- 
cated materials or whether it is a one-stage 
product of a milder desilication. 

The fact that desilication in the aureole was 
not everywhere accompanied by additions of 
alkalies alone is shown by several cases where 
biotitic metasiltstones, consisting mainly of 
quartz, have been converted to sphene-quartz- 
andesine-hornblende rock along irregular frac- 
tures. These effects are best seen in the north 
branch of Andorno Creek, just east of the 
northerly Andorno stock. Here silica has been 
removed whereas lime and soda have been 
added. 

These various desilications have certainly 
been produced by a hot fluid. In view of the 
similarity of its effect on the walls of stocks as 
well as fracture systems and inclusions, this 
fluid was not a silica-rich residue of igneous 
crystallization, but rather a gas that contained 
so little silica that it could readily leach this 
substance from the rocks through which it 
passed. Apparently, undersaturated fluids that 
passed directly from the outer part of the stocks 
into fractures of the aureole first desilicated the 
hornfels along these fractures. At a somewhat 
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later stage, fluids from deeper in the stock 
passed through its outer zone, became saturated 
with silica and other substances, and then 
passed on along the fractures, in hornfels, 
where they deposited quartz and minor silicates 
and introduced water and K,O into the previ- 
ously desilicated wall rocks. The potentialities 
of this mechanism are indicated by the strik- 
ingly rapid transfer of silica and other sub- 
stances reported from studies on granitic melts 
by Tuttle and Bowen (1958, p. 90-91). W. 
Schreyer and H. S. Yoder (in Abelson, 1958, 
p. 196) have reported hydrothermal desilication 
of materials of cordierite composition, during 
which mixtures of cordierite, corundum, spinel, 
and sapphirine were produced alongside a 
silica-bearing vapor. Data on solubility of silica 
in water vapor, reviewed and discussed by 
Morey (1957, p. 239-242), show the dependence 
of this property on both pressure and tempera- 
ture, so that the sort of effects observed in these 
rocks might be widespread wherever magmas 
have developed high vapor pressures during a 
late but still high-temperature stage of their 
crystallization. The fact that effects of this kind 
are not widely reported must mean that such 
fluids are typically saturated with silica, 
although it is possible that the associations are 
commonly overlooked. Probably, corundum- 
bearing hornfelses and inclusions, in general, are 
suspect. For example, the analysis of a corun- 
dum-bearing inclusion from the Lamorna 
granite quarry in the Land’s End granite 
(Reid and Flett, 1907, p. 30), is very similar to 
analyses of the desilicated rocks of this study, 
and this author has examined thin sections of 
inclusions from the Sheffield quarry, in this 
same granite, which have similar assemblages 
(specimens 14445, 14446, and 14447 of the 
Geological Survey of Great Britain). 

It is important to note that in the aureole of 
Santa Rosa stock these effects are superimposed 
on rocks that had already reached an advanced 
stage of progressive contact metamorphism, as 
though the fluids moved into the aureole very 
late in the crystallization of the stock. This is 
not the case around Sawtooth stock, where 
fluids appear to have been abundant during 
progressive metamorphism, and where there is 
fair evidence for mild desilication and addition 
of iron through much of the aureole, as de- 
scribed in the earlier section on metasomatism. 

REHYDRATION OF THE AUREOLES: The final 
stage of contact metamorphism consisted of a 
widespread rehydration of all types of contact- 
metamorphic rocks, accompanied locally by 
addition of K,O and mild desilication. Approxi- 
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mately half the aureole rocks were considerably 
rehydrated and half of the remainder were 
appreciably rehydrated. Cordierite, andalusite, 
biotite, and feldspars were altered to colorless 
mica (muscovite at least in part), pyrophyl- 
lite(?), chlorite, albite, leucoxene, and other 
fine-grained materials. As shown by samples 
6A and 6B, which were collected 2 feet apart in 
absolute stratigraphic continuity, the only ap- 
preciable change in some of these rocks was 
addition of water. In other specimens, cordierite 
has been altered to white mica rather than 
chlorite, and although none of these rocks were 
analyzed in sequence they must have undergone 
considerable KO metasomatism. Judging from 
their petrography, their changes would be 
somewhere between those of suite 6 and those 
of specimens 5A and 5B. In view of the great 
volume of altered rock, considerable K,O and 
very large amounts of water were added to the 
aureole, and this quite clearly came from the 
stocks. Minor quartz veins in both the aureole 
and the nearby phyllitic terrane may well have 
formed at this time, representing segregations 
from the reaction of cordierite to muscovite 
and silica. 

DEPOSITION OF ORE MINERALS: Minor deposits 
of minerals rich in sulfur, iron, copper, lead, 
tungsten, gold, and silver are widespread in the 
metamorphic rocks. Scheelite occurs where the 
Winnemucca formation and other calcareous 
rocks are cut by granitic intrusions, and the 
other materials are generally concentrated in 
and near quartz veins. Because of these 
structural associations, it is probable that the 
deposits formed during the late stage of contact 
metamorphism, although some of the sub- 
stances may have been present in the original 
metamorphic terrane. Pyrite, for example, 
occurs here and there throughout the phyllitic 
terrane and may have been present in the 
original sedimentary rocks. The distribution of 
sulfur suggested by the analyses is completely 
unreliable, because pyrite crystals in phyllite 
tend to be large and scattered, and because 
pyrite is altered readily. Some of the pyritic 
segregations in the hornfelses cut unaltered 
cordierite, andalusite, and feldspars, so that 
they must have originated at high tempera- 
tures (500°C. or more?) if they were introduced 
by water-rich fluids. Most of the sulfide 
deposits, however, lie in altered (rehydrated) 
rocks, and many occur well outside the contact 
aureoles. 
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Contact metamorphism in Santa Rog) reacti 
Range was clearly driven by heat but was. of the 
both induced and limited by movements of, rocks- 
water. The inception and rate of progress of I 
the main stage of dehydration apparently) factor 
depended on the amounts of water that passed) Santa 
out from the intrusions, and the final stage o{| consi 
metasomatism and rehydration was clearly; cause 
produced by the forceful ejection of water from} meta! 
the nearly crystalline magmas. If the grano-| rocks. 
diorite magmas were originally water-poor,| betwé 
some of this late magmatic water was presum-| The ‘ 
ably metamorphic water that was cycled from! long ' 
country rocks to magma and back to country! the t\ 
rocks again; in fact, taking an extreme point of ) of Wi 
view, little magmatic water was needed to} in h 
produce the retrograde effects that can be. horn{ 
observed. The K,0 which was added to the} mine! 
aureole during the late stage of metamorphism| schis 
may have come originally from pelitic rocks | Verh 
that had been assimilated by magma during} 4 ™@ 
the lateral growth of the stocks. ) has I 
The kinetic effects of fluids on the evolution | last 
of the various Santa Rosa rocks seem quite} of ™ 
important, and it is likely that fluids play an| ciabl 
important kinetic role in many other cases of | othe! 
contact metamorphism. The reason for this} Pard 
suggestion is that granitic magmas typically | 195! 
intrude slates, phyllites, quartzites, and other | thes 
metamorphic rocks, not water-rich shales and XP: 
porous sandstones. These metamorphic rocks; Tho 
may contain a good deal of combined water, ‘Stes 
but they contain very little pore water, and| afte! 
only pore water can catalyze the inception of rock 
contact metamorphic reactions. If the rocks | tw° 
remain dry and begin to recrystallize only | ‘te 
when temperatures are high enough to cause | Tecr 
rapid diffusion, their evolution will be affected ‘| sific 
further by their previous metamorphic condi- | (in | 
tion, for their tightly knit textures will not did 
allow the newly formed pore water to flow away ‘Pe 
easily. In the Santa Rosa cordieritic aureoles, ©4U 
for example, the first new grains are large ‘8! 
biotites and andalusites that replace large sa 
ar 


chlorite grains, indicating that materials could | , 
react and move readily at this temperature. It | I 


seems paradoxical that the phyllitic groundmass | “0 
alongside the porphyroblasts remained un- | bet 
changed in character, although it decreased in | suc 
amount throughout the outer zone of the | chs 
aureoles. This relationship was presumably | 
caused by the fact that the dehydration water ioe 


phi 


VADA 


' formed by each increment of reaction had to 


phism, as in the cordieritic aureoles of this 
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| diffuse away before more grains could react. In 
- this case, water had a restraining effect on the 
a Rog) reaction, and this effect was possible because 
but was; of the relatively impermeable nature of the 
nents of rocks. 
gress of, | In view of the apparent influence of kinetic 
parently, factors on the patterns and parageneses of the 
t passed} Santa Rosa aureoles, it may be fruitful to 
stage o{| consider briefly that similar factors may have 
clearly / caused differences between many contact- 
ter from} metamorphic rocks and regional-metamorphic 
> grano-| rocks. What is the basic difference, if any, 
er-poor,| between contact and regional metamorphism? 
presum-| The concept of stress and antistress minerals, 
ed from) long thought to explain the differences between 
country| the two environments, can be criticized because 
point of ) of widely reported occurrences of stress minerals 
ded to} in hornfelses and veins (See, for example, 
can be| hornfelsic biotite fabric, but the antistress 
to the| minerals cordierite and andalusite occur in 
srphism| schists. Verhoogen (1951) and Turner and 
c rocks, Verhoogen (1951, p. 390-396) concluded from 
during} @ mathematical analysis that the stress concept 
\ has little thermodynamic basis with regard to 
olution | elastic solids but that the chemical potential 
1 quite} of nonelastic solids might be affected appre- 
lay an| Ciably by shearing. Verhoogen noted, as have 
ases of | others, that the stress minerals might be 
or this| Pardee and Park, 1948, p. 42-43; Miyashiro, 
pically | 1951). In the Santa Rosa area, not only does 
1 other | the stress mineral staurolite occur in rocks with 
es and explained in part by catalytic effects of shearing. 
- rocks ; Thompson (1955) reviewed the problem of 
water, Stress and antistress minerals and suggested, 
r, and| after analyzing the thermodynamics of fluids in 
ion of | rock systems, that the difference between the 
rocks | two environments is based primarily on the 
- only | rate of release of dehydration water from a 
cause | Trecrystallizing rock body. In his recent reclas- 
fected | sification of the metamorphic facies, Turner 
condi- | (im Fyfe, Turner, and Verhoogen, 1958, p. 201) 
ll not did not discuss the stress-antistress concept 
‘away Specifically but indicated that confining pressure 
reoles, | causes the differences between contact and 
large ‘regional assemblages, his contact-metamorphic 
large facies corresponding to pressures up to 3000 
could _ bars and his regional facies to greater pressures. 
re. It / This writer feels that each of these contribu- 
Imass | tions has pointed up important differences 
un- | between the two kinds of metamorphism, but 
ed in | Such mixed assemblages as those described in 
a | this paper suggest that the rates of heating in 
rably | the two environments may be a more signifi- 
bitin cant difference. In typical contact metamor- 
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study, rapid heating is combined with slow 
reaction rates over the low-temperature range. 
Where low-temperature reactions are catalyzed 
appreciably, as in wet aureoles, lower-tempera- 
ture “stress” minerals like staurolite may form 
before “antistress” minerals. The occurrences 
of kyanite in coarse-grained veins may be 
explained on this basis. In typical regional 
terranes, large rock masses have been buried 
slowly and therefore heated slowly, so that 
slow low-temperature reactions are able to 
keep up with increments of temperature. 
Regional metamorphism will typically take 
place only at considerable depths, because of 
the geothermal gradient, and therefore pressure 
will always have an arnreciable effect on the 
mineral assemblages. It is important to note, 
too, that rate of heating by intrusive magmas 
will tend to decrease with depth, because of 
the increasing convergence of the geothermal 
gradient and the melting range of silicate 
materials. In spite of this tendency for conver- 
gence of the two kinds of metamorphism, 
however, contact effects may well be found 
adjacent to deeply buried intrusions, especially 
where the magma was exceptionally hot or dry. 
Reports of contact metamorphism in the 
charnockite terranes of India certainly merit 
consideration in this regard (Holland, 1900, 
230-234; Pichamuthu, 1953, p. 51). 

There seem to be two possible reasons why 
certain “antistress” minerals might form so 
commonly as a consequence of rapid heating of 
phyllites and low-grade schists. The first is 
that rapid heating has overstepped the reaction 
thresholds of slowly forming low-temperature 
(“stress”) minerals. This is the general thesis 
developed herein and is closely allied to the 
suggestion of Thompson (1955, p. 98). Cordie- 
rite, in particular, may grow rapidly and stably 
from overheated chlorite but will not form in 
schists in which chlorite has been converted to 
biotite, garnet, or staurolite until much higher 
temperatures are reached. Lack of evidence for 
a staurolite-cordierite reaction in the inner part 
of the Sawtooth aureole is a possible example. 
The second possibility is that certain minerals, 
andalusite in particular, may grow rapidly 
although metastably from overheated mineral 
assemblages that include muscovite and chlo- 
rite. It is difficult to synthesize andalusite from 
pure gels or alumina-silica mixtures (Roy, 
1954), even though natural occurrences of 
this mineral suggest that it should grow rapidly 
at intermediate pressures in a hydrothermal 
bomb. It may also be relevant that this rather 
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unique silicate has not been set in a firm 
thermodynamic relationship with the other 
Al,SiO; polymorphs (Fyfe and Turner in Fyfe, 
Turner, and Verhoogen, 1958, p. 164-165). 
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HIGH- AND LOW-TEMPERATURE PLAGIOCLASE 


By R. C. Emmons, R. M. Crump, AND KEITH B. KETNER 


Abstract 


The plotted scatter of plagioclase optics and face poles is areal rather than lineal. This 
inhibits their reliable use for temperature determination as now understood. 


Since Kohler (1941) first described the op- 
tical properties of “high-temperature plagio- 
clase feldspar and compared them with those of 
Rheinhard (1931) as “standard plagioclase 
there have been many studies evaluating the 
optical properties of plagioclase as criteria for 
temperature of formation. Tuttle and Bowen 
(1950) and Kano (1956) discuss the high-tem- 
perature optics of sodic plagioclase and give 
additional references. Our purpose here is to 
suggest that our present understanding of 
plagioclase is not adequate to justify our use of 
their optical properties for this purpose. (See 
also Emmons, 1953, p. 12-14). 

In brief, the scatter of plagioclase properties, 
optical or crystallographic, in rock occurrence 
is sufficiently broad to cover the spread between 
“high” and “low” plagioclase; especially is this 
true in the environments of “low’’ plagioclase 
on which there are more data. It is doubtless 
true for “high-temperature” plagioclase also, 
but the data are less extensive. We have only 
two samples of plagioclase from volcanic rock— 
Nos. 7 and 19 of Memoir 52 (Emmons, 1953). 

The cause of scatter or range in optical prop- 
erties is not under question here, nor is the 
probable relationship to the structure of the 
crystals. Although the optical properties and 
even the structure may be modified by heat 
this implies only that heat is one environmental 
factor that facilitates the change, not that heat 
is exclusively causative. We believe that in 
those rocks usually referred to as plutonic, and 
to the best of our knowledge in the related and 
associated rock types, some factor in the en- 
vironment not yet recognized brings about a 
lack of uniformity in the structure and prop- 
erties of the contained plagioclase feldspars. 
This lack of uniformity of standard plagioclase 
is expressed as a range of properties which 
wholly encompasses those of “high-tempera- 


ture” plagioclase, ‘low-temperature’ plagio- 
clase, and transitional plagioclase. This range 
is ordinarily found in the plagioclase of one 
hand specimen of essentially any granitic rock. 
Heat treatment in the laboratory tends to 
modify the optical properties toward one mar- 
gin of the area of usual spread displayed by 
plagioclase. This margin has been designated 
widely as the “high-temperature locus.” That 
is, if two crystal fragments were selected from a 
hand specimen of granite—one showing “high- 
temperature’ and one showing “low-tempera- 
ture” optics—and if both were heat-treated 
properly in the laboratory, presumably one 
would change little optically, and the other 
would assume “high-temperature” optics. 

In Figure 1 are plotted 513 points represent- 
ing the face poles (they are also the normal twin 
axes) for 010 and 001 measured by Crump and 
Ketner (1953, Figs. 7-11). The main scatter is 
delimited by sketched boundary lines, but a 
few points fall outside even these lines. There is 
apparently no sharp limit to the experienced 
scatter just as there is no usual limit to the 
possible disorder and imperfections of a given 
crystal. When a point is determined and ap- 
plied to the migration curve for fit it is normal 
to repeat the measurements, and with special 
care if the fit is poor. Therefore, most of these 
plotted points are located by carefully re- 
checked data and may be assumed to have a 
small instrumental error in comparison with the 
departure of the point from the migration curve. 

The scatter is not limited to the directions 
normal to the trend of the migration curve, the 
“isopleths”’ of Marfunin (1958), but is also 
parallel to the curve. If this parallel scatter were 
the main scatter it would doubtless be re- 
garded as an expression of zoning or other compo- 
sitional freedom, but it is more fittingly regarded 
as normal scatter and robs a determination 
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of some of its value. This unpleasant conclu- 
sion can be reached only after study of ana- 
lyzed material. Our analyzed samples on which 
these data were gathered represent in part 
gravity fractions of limited range as stated by 





ca 


FicurRE 1.—Face Po.es ror 010 anp 001 


Illustrating the scatter in 27 analyzed plagio- 
clase feldspars. This scatter is as strong parallel to 
the curves as it is normal to the curves, 


Crump and Ketner (1953, p. 24-28) but still 
do not preclude some degree of compositional 
range from crystal fragment to crystal frag- 
ment. If we assume the range to be composi- 
tional it need not be interpreted as consequent 
to zoning but rather as a compositional con- 
trast between contiguous twin lamellae, which 
has been recognized optically for many years 
(Coulson, 1932; Emmons, 1943, p. 113). 

Our most sensitive method of plagioclase de- 
termination is based on the refractive indices. 
It is sufficiently convenient, rapid, and precise 
to permit the measurement of several grains 
from which an average value or a range of 
values may be obtained. According to the ob- 
jective of the operator, for some purposes an 
average value is significant, for others a range of 
values. There is no justification for regarding 
even a precise determination made on one grain 
as representative of the feldspar in a given 
granitic rock. A determination based on a face 
pole or on a normal twin axis using the cus- 
tomary migration curves is properly to be quali- 
fied as +10 per cent An. This range may be re- 
duced by half if four or five determinations are 
made. Similarly a refractive-index determina- 
tion, although somewhat better, is safely quali- 
fied as +6 per cent An and may be reduced by 
half if four or five determinations are made. 
Fortunately both types of plagioclase deter- 
mination are convenient and are sufficiently 
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rapid that averages are practical and are avail- 
able to our needs. It is probable too that the 
range itself will carry petrogenic significance 
when more fully understood. 

In general the optical properties of feldspars 
from pegmatites show a narrower range. For 
this reason most of our samples were selected 
from the common rock types to permit the 
scrutiny of these feldspars rather than to in- 
terpret them by extrapolation from pegmatite 
data. Some of our source rocks contained feld- 
spars of such a wide range of properties that the 
selected sample represents less than 50 per cent 
of the separated feldspar. The range met in one 
source rock was so great that two samples, 
Nos. 10 and 16, were selected from the sepa- 
rated feldspar. This rock contains zoned feld- 
spars, but so also do many of our granitic- 
textured rocks. 

It is appropriate to recognize that the range 
expressed by the assembled data may be 
attributed to more than one cause. Certainly a 
part of it is instrumental error, but this is a 
minor part. Repeated checks by conscientious 
operators confirm the scatter after eliminating 
the uncertainties which some cleavages and 
some composition faces introduce. A part of it 
is the almost ubiquitous zoning in the feldspars 
of granitic rocks which some choose to ignore 
unless it is obtrusive. An undefined but con- 
siderable part of the scatter, which is seen nor- 
mal to the trend of a migration curve, is in- 
herent to the crystal and is especially difficult 
to explain on the basis of composition. It is 
this scatter that is selected from the overall 
scatter to be attributed to the temperature 
history of the crystal. Since both this scatter 
and the equivalent scatter parallel to the trend 
of a migration curve are standardly displayed 
by the feldspars of a random sample chosen 
from a random outcrop of a granitic rock and 
since such granitic rocks are the type in which 
‘low-temperature’ plagioclase feldspars are at 
home it would appear that something other 
than temperature is fundamentally responsible. 
If we accept the capacity of plagioclase to dis- 
play a range in properties as encountered in 
routine work, and it seems that we must, we 
must also recognize from the evidence of daily 
observation that we do not yet know what it is 
in the environment of rock formation that 
brings about this range of properties. To say 
that the range reflects order-disorder may be 
correct but does not account for it petrogeni- 
cally, since the data of Figure 1 indicate that 
the variable degree of disorder may not be ex- 
clusively or even mainly consequent to tem- 
perature of formation. The experienced scatter, 
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SHORT NOTE 


since it is broad enough to cover both high and 
low areas, militates against any such tempera- 
ture deduction. We do not conceive of a granitic 
rock as able to display a temperature range 
throughout its feldspars, yet, if we accept the 
current trend on optical interpretation, most 
granites do display a record of temperature 
range. Plagioclase properties may be modified 
in the laboratory by heat treatment, but here 
too it can be merely a facilitating factor. Sam- 
ples 7 and 19 are from volcanic rocks and to 
that extent are representative of a high-tem- 
perature environment. Their spread is not 
different from the equivalent range of the feld- 
spars of the granitic rocks. 

Marfunin (1958) attempted to solve the prob- 
lem of scatter by comparing the optical orienta- 
tions of natural and heat-treated plagioclase. 
On the basis of this comparison he constructed 
isopleths intended to express degrees of order- 
disorder for plagioclase of one composition; the 
locus of the isopleths is determined through 
heat treatment. Since the isopleths join “high- 
temperature” and “low-temperature” curves 
they express by implication the temperature of 
formation. He states that the fragments which 
were subjected to heating came from the same 
crystals as those which were measured without 
heating. Since the identical fragments ap- 
parently were not used for both purposes he 
appears to be ignoring that portion of the 
scatter which is parallel to the migration curves, 
a portion indicated by the data of Crump and 
Ketner to be equal to that which is normal to 


| the migration curve. The points plotted in 


Figure 1 when segregated into discrete sample 
groupings as was done in the original paper 
(Crump and Ketner, 1953) rob such order- 
disorder (temperature) isopleths of meaning 
and in fact render them impossible to draw. 
Marfunin also determined composition by the 
index of refraction of the glass, obtained by 
melting fragments of the crystals used in the 
heating runs. This has been described by Larsen 
(1909) and by Foster (1955) and has been quite 
thoroughly explored by us, Dyer (1955), Olsen 
(1957), and LaBerge (1959, M.S. Theses, Univ. 


| Wisconsin). We have never been successful 


in producing glass of consistent optical prop- 
ties from analyzed plagioclase. We have chosen 


| to abandon the technique. Franco and Schairer 


(1951) employed the concept with caution in 
their study of ternary feldspars. 
In Figure 2 the selected boundaries of the 


| scatter for (010) and (001) are given in rela- 


tionship to the migration curves of Nikitin 
(1936) and the “high-temperature” curves of 
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FicuRE 2.—APPROXIMATE Limits OF OUR RECc- 
OGNIZED SCATTER COMPARED WITH THE “STANDARD” 
PLAGIOCLASE CuRVES OF NIKITIN (solid lines) AND 
THE “HiIGH-TEMPERATURE” CURVES OF MUIR 
(dotted lines) 

The pole of the rhombic section is given in the 
dashed line. 


Muir (1955). Also given is the pole of the rhom- 
bic section, which is the composition face of the 
pericline twin law. It is doubtless true that this 
scatter of our analyzed plagioclase feldspars is 
representative of all the curves for plagioclase 
including the face poles for the rhombic section, 
but the necessary data are not yet assembled. 
We believe it desirable to withhold judgment 
on the value of the optical properties of plagio- 
clase as a temperature indicator until conclusive 
evidence on the cause of optical scatter is at 
hand. The evidence offered by the data repre- 
sented in Figure 1 surely gives reason to pause. 
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